Background The covalent attachment of ubiquitin to a substrate protein changes its fate. Notably, proteins typically tagged with a lysine48-linked polyubiquitin chain become substrates for degradation by the 26S proteasome. In recent years many experiments have been performed to characterize the proteins involved in the ubiquitylation process and to identify their substrates, in order to understand better the mechanisms that link specific protein degradation events to regulation of plant growth and development. † Scope This review focuses on the role that ubiquitin plays in hormone synthesis, hormonal signalling cascades and plant defence mechanisms. Several examples are given of how targeted degradation of proteins affects downstream transcriptional regulation of hormone-responsive genes in the auxin, gibberellin, abscisic acid, ethylene and jasmonate signalling pathways. Additional experiments suggest that ubiquitin-mediated proteolysis may also act upstream of the hormonal signalling cascades by regulating hormone biosynthesis, transport and perception.
INTRODUCTION
Plants, as sessile organisms, rely on proteomic plasticity to remodel themselves during periods of developmental change, to endure varying environmental conditions, and to respond to biotic and abiotic stresses. Regulated ubiquitin-and proteasome-mediated degradation, therefore, plays a crucial role in enabling plants to alter their proteome to maximize their chances of survival under many different circumstances.
In plants, as in all eukaryotes, the ubiquitin/proteasome system (UPS) targets proteins for degradation (note that all abbreviations mentioned in this review are listed and defined in Appendix 1). In this system, the 76-aminoacid protein ubiquitin acts as a covalent molecular tag and its attachment requires three distinct enzymatic activities. Catalysed by E1 [ubiquitin-activating enzyme (UBA)], the ubiquitin C-terminal carboxyl group is first activated by adenylation, and then forms a thioester bond with a cysteinyl sulfhydryl residue on the E1 protein itself. Ubiquitin is then transferred to a cysteinyl sulfhydryl on another protein, the E2 [ubiquitin-conjugating protein (UBC)], preserving the thioester bond. Finally, ubiquitin is typically transferred to the substrate with the help of an E3 (ubiquitin ligase, Fig. 1 ; reviewed in Pickart and Eddins, 2004) .
The first ubiquitin normally forms an isopeptide linkage with a lysyl 1-amino group on the substrate, although a small subset of substrates are modified at the N-terminal amino group (reviewed in Ciechanover and Ben-Saadon, 2004) , and at least one substrate has been reported to bind ubiquitin on a cysteinyl sulfhydryl group (Cadwell and Coscoy, 2005) . If additional ubiquitins are added, they may be attached to different substrate lysyl 1-amino groups or to one of seven lysyl 1-amino groups on the bound ubiquityl moiety. All seven lysyl residues can be used to form ubiquitin -ubiquitin linkages in budding yeast (Saccharomyces cerevisiae; Peng et al., 2003) . Previous work on model substrates established that for a substrate to be recognized and then degraded by the proteasome, a chain of at least four ubiquitins linked via their lysyl residue 48 must be generated on a single substrate lysyl 1-amino group (Chau et al., 1989; Finley et al., 1994; Thrower et al., 2000) . But experiments in mammalian cell extracts using an E2 that forms polyubiquitin chains connected through ubiquitin lysyl residue 11 (Baboshina and Haas, 1996) or assays performed with purified proteasomes using an endogenous substrate, yeast cyclin B, ubiquitylated in vitro with lysine 11 and 63 linkages (Kirkpatrick et al., 2006) suggest that other ubiquitin -ubiquitin linkages can serve as proteolytic signals, even in the complete absence of lysine 48 linkages. In addition, the attachment of a lysine-63-linked tetraubiquitin chain to lysine 48 of the ubiquitin portion of the UbDHFR fusion protein permits degradation of this model substrate by purified proteasomes (Hofmann and Pickart, 2001) . Furthermore, multiple short chains of mixed lysyl linkages are formed on cyclin B in vitro by the APC * For correspondence. E-mail jcallis@ucdavis.edu (anaphase-promoting complex) E3 ubiquitin ligase. These ubiquitylated forms of cyclin B interact with substrate recognition proteins and are substrates for in vitro degradation by purified proteasomes (Kirkpatrick et al., 2006) , suggesting that ubiquitin chain formation may be more complex, and that the requirements for recognition by proteasomes and associated proteins may be more relaxed than previously appreciated.
After delivery to the proteasome mediated in part by ubiquitin binding proteins, the polyubiquitylated substrate can then be deubiquitylated by the proteasome's regulatory cap or associated proteases. The free ubiquitin becomes available again for attachment, i.e. it is not degraded concomitant with the substrate. The deubiquitylated substrate is fed into the proteolytic core of the proteasome where it is cleaved into small peptides. After release, these peptide fragments are further hydrolysed to free amino acids by multiple separate proteases and/or proteolytic complexes. One of the few characterized examples is tripeptidyl peptidase II, a homooligomeric complex that hydrolyses larger peptides to tripeptides and could function to process proteasome products (Book et al., 2005) .
Although the best-characterized function of ubiquitylation is to target substrates for proteolysis by the proteasome, ubiquitylation has also been linked to non-proteasomal functions, currently mostly in fungi and vertebrates. Ubiquitin chains linked via ubiquitin lysine 63 (UbK63) are involved in several processes including DNA repair, protein activation (reviewed in Schnell and Hicke, 2003) , endolysosomal degradation (Duncan et al., 2006) and ribosomal regulation (Spence et al., 2000) , and there is some evidence that UbK6-linked chains synthesized by the heterodimeric E3 ligase BRCA1/BARD1 mediate regulation of DNA replication and repair (Morris and Solomon, 2004; Nishikawa et al., 2004) . Although there is also evidence for the formation of chains using lysines 11, 27, 29 and 33 in vivo (Peng et al., 2003) , knowledge of the functional importance of these alternative polyubiquitin chains is lacking. Meanwhile, monoubiquitylation is required for receptor endocytosis, transcriptional regulation and intracellular sorting (reviewed in Schnell and Hicke, 2003) . The non-degradative functions of ubiquitylation are ripe areas for future research in plants.
Components of the UPS have been identified in many species of plants through mutant screens and bioinformatic searches (reviewed in Moon et al., 2004) . Strikingly, over 6 % of the predicted arabidopsis (Arabidopsis thaliana ecotype 'Columbia') genome encodes proteins involved in the UPS (Downes and Vierstra, 2005 ; with selected examples in Table 1 ), and analyses of other plant genomes demonstrate a similar abundance of UPS-related genes. Not surprisingly, components of the UPS have been implicated in countless processes including organ initiation and patterning (Samach et al., 1999; Shen et al., 2002; Imaizumi et al., 2005) , light signalling (reviewed in Hoecker, 2005) and circadian clock regulation (Han et al., 2004) , but this review will focus on the role of UPS in hormone production, perception and signal transduction, and in plant defence. Although the relationship between the UPS and plant signalling became evident about 20 years ago, when the light-signalling protein phytochrome A was shown to be ubiquitylated (Shanklin et al., 1987) , the broad scope of ubiquitin's involvement in plant biology was not predicted. On-going discovery, annotation and functional characterization of UPS genes continues to provide insight into the mechanisms that plants use to regulate their growth and development through targeted protein degradation.
There are other excellent reviews covering the UPS in plants (Moon et al., 2004; Smalle and Vierstra, 2004) , hormone signalling (auxin: Schwechheimer and Schwager, 2004; Woodward and Bartel, 2005 ; GA: Sun and Gubler, 2004; Fleet and Sun, 2005 ; ABA: Himmelbach et al., 2003; BR: Vert and Chory, 2006; Z-Y Wang et al., 2006; ethylene: Chen et al., 2005; Etheridge et al., 2006; JA: Turner et al., 2002; Devoto and Turner, 2005; Lorenzo and Solano, 2005) and plant defence mechanisms (Dangl and Jones, 2001; Thordal-Christensen, 2003; Nurnberger et al., 2004; Schulze-Lefert and Bieri, 2005; Zeng et al., 2006) , which cogently describe the experimental underpinnings of our current understanding of these processes. But, with the rapid pace of scientific progress in these exciting areas, new information continues to emerge. This review seeks to build upon the foundation of the previous reviews by drawing together information concerning both internally and externally regulated plant developmental processes that depend upon the UPS both to highlight some common themes and to present the most recent published findings. 1. An overview of the ubiquitylation process. RING-and U-box-domain-containing E3 ligases facilitate direct transfer of ubiquitin from the E2 to the substrate, as shown on the right branch of the pathway. In the case of CRLs, the E2 binds to the RBX RING domaincontaining subunit that is linked to the substrate through a cullin and various adaptor proteins. HECT domain-containing E3 ligases form a thioester bond with the ubiquitin delivered by the E2 before passing the ubiquitin to the substrate, as shown on the left branch of the pathway. (Ko et al., 2006) Interacting proteins SIP A. thaliana Plant defence OVERVIEW OF UPS COMPONENTS Before discussing the specific function of the UPS in various hormone signal transduction and plant defence pathways, it is useful to highlight some of the many components that are required to regulate properly the attachment and removal of ubiquitin from potential substrates. A website dedicated to the ubiquitin pathway in arabidopsis lists the identified components (http://plantsubq.genomics. purdue.edu). In the genome of arabidopsis only two genes encode an E1, the first enzyme in the ubiquitylation pathway (Hatfield et al., 1997) , whereas the E2 gene family is predicted to contain 37 members . The precise function of individual members of this expanded family of ubiquitin-conjugating enzymes remains to be determined. Eight additional genes code for putative UEV (ubiquitin-conjugating E2 enzyme variant) proteins in arabidopsis . UEVs resemble ubiquitin-conjugating enzymes, but lack the catalytic cysteine (Broomfield et al., 1998; Sancho et al., 1998) . Not surprisingly, human UEV1 fails to promote polyubiquitylation in the presence of an E1 and cellular fractions containing E3s (Sancho et al., 1998) , but UEVs do appear to function in UPS-related processes. For instance, Mms2p, a UEV from budding yeast, interacts with a canonical E2, Ubc13p, to direct the formation of UbK63-linked polyubiquitin chains (Hofmann and Pickart, 1999) , whereas Tsg101 in humans binds ubiquitin and participates in endosomal sorting and HIV budding (Garrus et al., 2001; Katzmann et al., 2001; Sundquist et al., 2004) . By contrast, the COP10 UEV, first identified in arabidopsis, appears to interact with a number of E2s and enhances the formation of UbK48-and UbK63-linked polyubiquitin chains in vitro, perhaps through its ability to increase E2/ubiquitin thioester formation (Yanagawa et al., 2004) . Additionally, COP10 forms complexes with components of Cullin4-based E3 ligases described below (Chen et al., 2005) . The vast bulk of the arabidopsis UPS-related genes encode components of E3 ubiquitin ligases (Smalle and Vierstra, 2004) . Two mechanistic classes of E3 ligases facilitate the transfer of ubiquitin from the E2 to the substrate. In the case of the HECT domain E3 ligases, ubiquitin forms a covalent thioester linkage with a cysteinyl sulfhydryl group on the HECT protein before being transferred to a lysine on the substrate. Using the conserved domain containing this cysteinyl residue, seven HECT proteins have been identified in arabidopsis (Downes et al., 2003) .
The other E3 ligase class does not covalently link with ubiquitin, but rather non-covalently interacts with an E2 protein carrying ubiquitin. Currently, there are two groups within this class, the U-box domain-and RING domaincontaining proteins and both domains are thought to be structurally and functionally similar. The U-box and RING domains are required for E2 interaction in their respective proteins, utilizing H-bonds or zinc chelation, respectively, to build a platform and expose the appropriate interface (Zheng et al., 2000; Ohi et al., 2003; Andersen et al., 2004) . There are approximately 61 predicted U-box proteins in arabidopsis (http://www.arabidopsis.org/info/ genefamily/pub.html). By contrast, over 450 proteins in arabidopsis contain one or more RING domains .
Cullin RING ligases in plants RING proteins may act alone, as homo-or heterodimers, or in complex assemblies. Two RING family members, RBX1a and RBX1b (in arabidopsis; Gray et al., 2002) , function redundantly to play an essential role in promoting ubiquitylation as part of the multi-subunit E3 ligases called cullin RING ligases (CRLs) (reviewed in Petroski and Deshaies, 2005 ) -a type universally present in eukaryotes (Willems et al., 2004; Petroski and Deshaies, 2005) . Each CRL includes a cullin (CUL in arabidopsis) protein that contains a C-terminal RBX1 binding site. Distinct cullin proteins that define the different types of CRLs bind different adaptors and substrate-recruiting subunits at the cullin N-terminus (see figure in Appendix 2). Eleven CUL-like proteins have been identified in arabidopsis based on identity to vertebrate cullins (Shen et al., 2002) and six have been implicated in CRLs.
Arabidopsis CUL1 (Gray et al., 1999) forms a CRL called an SCF complex (named for the subunits Skp1, cullin1 and F-box). In arabidopsis cells, CUL1 co-immunoprecipitates with HA-tagged ASK1, one of 21 predicted arabidopsis SKP family members (called ASKs for Arabidopsis SKP1-like) (Farras et al., 2001) . Both ASK1 and ASK2 interact with several F-box proteins in yeast-two-hybrid assays, including COI1, EID1, TIR1 and UFO (Gray et al., 1999; Samach et al., 1999; Dieterle et al., 2001; Xu et al., 2002) and many of these interactions have been confirmed in vitro or by co-immunoprecipitation assays using arabidopsis extracts. The phenotype of plants with single mutations in these family members suggests that ASK1 and ASK2 perform overlapping but not totally redundant functions. ask2-1 null mutants grow quite normally . ask1-1 mutants display some defects in vegetative and floral development, such as smaller rosette size, reduced filament length and male sterility (Zhao et al., 1999) owing to a defect in homologous chromosome separation in meiosis . Meanwhile, ask1 ask2 double mutants exhibit severe defects in embryogenesis and die as seedlings, plus they have higher levels of cyclin D3 . D-type cyclins are degraded via an SCF in humans (Yu et al., 1998) and cyclin D3 levels rise in arabidopsis seedlings with lower level of RBX1 , further implicating ASK1 and ASK2 in SCF-mediated degradation. The biochemical function of the other ASKs has not been elucidated, but the varying RNA expression patterns (Zhao et al., 2003; Takahashi et al., 2004) and RNAi-induced phenotypes observed for different ASK family members suggests that they could regulate particular processes in different organs or tissues (Zhao et al., 2003) , although there is also evidence that single knock-outs are often insufficient to cause phenotypic abnormalities (Takahashi et al., 2004) .
The SKP/ASK proteins in turn serve as adaptor proteins by interacting with one or more of the 700-plus F-box (substrate-recruiting) proteins encoded by the arabidopsis genome (Gray et al., 1999; Gagne et al., 2002; Kuroda et al., 2002; Risseeuw et al., 2003; Takahashi et al., 2004) . The F-box domain derives its name from the SKP/ ASK interaction motif found in mammalian cyclin F (Bai et al., 1996) . F-box proteins bind an SKP/ASK protein and a UPS substrate simultaneously, thus bringing the substrate in proximity to the CUL1-RBX1-tethered E2 enzyme with an attached activated ubiquityl group. The close proximity presumably facilitates ubiquitin transfer to the substrate, although E2 binding to the RING domain may additionally allosterically activate the E2 for ubiquitin transfer (Ozkan et al., 2005) . Another protein, SGT1b, can also associate with this complex (Azevedo et al., 2002; Gray et al., 2003) , and has been shown to reduce the accumulation of at least one SCF substrate in arabidopsis (Gray et al., 2003) , but its full role in plant SCFs and proteolysis in general Azevedo et al., 2006) is not completely clear.
The other arabidopsis cullin most closely related to CUL1, CUL2, also shows enhanced interaction with one F-box protein when ASK1 is over-expressed in a yeast-two-hybrid assay (Risseeuw et al., 2003) , and so probably forms a CRL similar to that of CUL1, but there are as yet no in planta data.
Another class of CRL utilizes the CUL3a or CUL3b protein as the primary scaffold component. Like CUL1, CUL3a and CUL3b associate with the RBX1 E2-recruiting protein, as demonstrated through yeast-two-hybrid Gingerich et al., 2005; Weber et al., 2005) , in vitro pull-down (Weber et al., 2005) and plant extract-based co-immunoprecipitation experiments (Figueroa et al., 2005) . But, unlike CUL1, CUL3a and CUL3b do not interact with ASK1; instead they interact in yeast-two-hybrid and pull-down assays with BTB domaincontaining proteins Figueroa et al., 2005; Gingerich et al., 2005; Weber et al., 2005) . These interactions depend on residues within the N-terminus of CUL3 and for BTB proteins, residues within the BTB domain of several family members that have been studied (Figueroa et al., 2005; Weber et al., 2005) . BTB proteins associate directly with targets of the CUL3-based CRLs, combining adaptor and substrate-recruiting functions in one protein (Pintard et al., 2003b) . Thus, it is not surprising that the 80 putative BTB proteins found in arabidopsis contain a number of additional domains such as ankyrin repeats (reviewed in Michaely and Bennett, 1992) and the MATH domain (Xu et al., 2003) implicated in proteinprotein interactions Figueroa et al., 2005; Gingerich et al., 2005; Weber et al., 2005) that are predicted to tether substrates to the CRL for ubiquitylation.
Forward genetic identification of CUL1 Quint et al., 2005) and reverse genetic studies on CUL1 (Shen et al., 2002; Hellmann et al., 2003) and CUL3a and b Figueroa et (Shen et al., 2002; Hellmann et al., 2003) , suggesting that CUL2 cannot functionally replace CUL1. By contrast, CUL3a and CUL3b appear to be redundant as mutation of either CUL3 gene does not obviously compromise plant growth (Figueroa et al., 2005) and only mild phenotypic changes such as slightly delayed flowering and reduced hypocotyl response to far red light are reported for the cul3a-1 mutant . However, CUL3 activity is required for viability given that cul3a/cul3b double mutants are early embryonic lethals Figueroa et al., 2005; Gingerich et al., 2005; Thomann et al., 2005) . These findings suggest that both CUL1 and CUL3a/b broadly influence a wide range of essential pathways. By contrast, based on phenotypes of mutants, the individual F-box and BTB family members that potentially bring substrates to CUL1 and CUL3, respectively, appear to regulate more specific aspects of plant development and growth responses during the plant life cycle, ranging from seedling blue-light-mediated phototropism (Motchoulski and Liscum, 1999; Inada et al., 2004) to leaf senescence (Woo et al., 2001 ; also see below and reviewed in Moon et al., 2004; Gingerich et al., 2005) , and these phenotypes are consistent with their functioning in a specific CRL. It is worth mentioning that non-CRL functions, although not documented in plants, are possible for F-box and BTB proteins. Two F-box proteins in budding yeast, Rcy1p and Ctf13p (Kaplan et al., 1997; Russell et al., 1999; Galan et al., 2001) , and one BTB protein in Caenorhabditis elegans, MEL-26 (Luke-Glaser et al., 2005) , appear to perform CRL-independent functions. However, the stability of the Ctf13p (Kaplan et al., 1997) and MEL-26 (Pintard et al., 2003b) proteins still depends on CRLs, suggesting that the biological function of these proteins remains influenced by the UPS.
The most recently characterized plant CRL uses CUL4 and is similar to animal CUL4 CRLs (McCall et al., 2005; Bernhardt et al., 2006; Chen et al., 2006) . Two proteins, AtCUL4-L (long) and AtCUL4-S (short), encoded by the arabidopsis CUL4 gene differ in length by 50 amino acids, but both contain the N-and C-terminal cullin functional domains . To date, studies have focused on the long version of CUL4. AtCUL4-L interacts with RBX1 at its C-terminus, binds directly to DDB1a (from human Damaged DNA Binding-1) at its N-terminus (Bernhardt et al., 2006; Chen et al., 2006) , and connects indirectly with DDB2 or DET1 via DDB1a (Bernhardt et al., 2006) . One reasonable interpretation of these observations is that DDB1 serves as the adaptor subunit (analogous to ASK/SKP in CUL1 CRLs) and DDB2 and DET1 are alternative substrate-recruiting subunits (analogous to F-box proteins). However, there is also evidence for the formation of larger CUL4-based complexes. In humans, degradation of the c-Jun transcription factor requires a complex containing CUL4, ROC1 (RBX1 homologue), DDB1, DET1 and COP1, a RING E3 ligase initially identified in plants for its role in regulating photomorphogenesis (Deng et al., 1991; Wertz et al., 2004) . In arabidopsis, CUL4-L appears to associate more directly with the CDD complex, composed of the UEV protein COP10, along with DDB1 and DET1, but lacking COP1 (Yanagawa et al., 2004) as indicated by yeast-two-hybrid, in vitro and plant-based co-immunoprecipitation experiments . However, the CDD complex shows signs of associating with COP1 in arabidopsis plants, and may regulate COP1's ubiquitylation activity. Although the DET1, COP1 and COP10 proteins all contribute to lightregulated signalling, the varying phenotypes of arabidopsis plants with reduced levels of CUL4 protein suggest that it may participate in CRLs with other substrate adaptor units to regulate the degradation of additional proteins .
Interestingly, there was some early evidence that DDB1 could bind either directly to a substrate (like a BTB protein) or function as an adaptor (like SKP1), but recent work favours the latter interpretation. Tandem affinity purification followed by mass spectrometry has shown interaction between human DDB1 and a large family of proteins termed DCAFs (DDB1-Cullin4-Associated Factors) (Angers et al., 2006; Jin et al., 2006) . The majority of these proteins contain WD40 repeats, including DDB2, CSA and COP1 previously shown to function in CUL4-based E3 ligases (Wertz et al., 2004; Groisman et al., 2006; . Mutational studies demonstrate that two conserved WDXR motifs in DCAFs are important for their binding to varying portions of a double beta propeller fold in DDB1 (Jin et al., 2006) . A limited blastp search through the NCBI database using several human DCAF proteins reveals the existence of WD40-repeat-containing proteins with two or more WDXR motifs in a number of plant species, including arabidopsis, rice (Oryza sativa) and Medicago truncatula, suggesting that plant homologues of DCAFs may exist (Madden et al., 1996) . In addition to binding DDB1, DCAFs presumably recruit substrate proteins and bring them into proximity with the CUL4-ROC1-tethered Ub-charged E2. For instance, the DCAF Cdt2 binds to Spd1 in fission yeast (Schizosaccharomyces pombe) and promotes its degradation (Liu et al., 2005) . As previously observed for some F-box proteins (Zhou and Howley, 1998) and BTB proteins (Wee et al., 2005) , DCAF proteins may also become victims of their own CRL, as ubiquitylation of the DCAF human DDB2 can be promoted by a CUL4A-DDB1-based E3 ligase (Matsuda et al., 2005) . To date, it remains unknown whether DDB1 is the only adaptor protein to function in CUL4-based E3 ligases. Two human proteins, CPSF160 and SAP130, show structural similarity to DDB1 Li et al., 2006) , suggesting that other CUL4-based ligases may exist. Defining the nature of CUL4 CRL complexes is currently an active area of investigation in plants and in other eukaryotes.
Humans also possess a CRL that uses the adaptor proteins elongin B/C instead of SKP to bring substrates to human CUL2 (not homologous to arabidopsis CUL2) and human CUL5 (Kamura et al., 2004; reviewed in Willems et al., 2004) . One arabidopsis protein is reported to have similarity to elongin C (Risseeuw et al., 2003) but no clear homologues of the elongin B adaptor protein, nor human CUL2/CUL5 orthologues have been discovered in plants to date (Shen et al., 2002) .
Finally, the APC, among its 11 or more subunits, contains a cullin-like protein, APC2, and a small RINGdomain-containing protein, APC11. This CRL, found in plants (Capron et al., 2003) , most likely helps to control the stability of cell-cycle regulatory proteins (Fulop et al., 2005) .
Regulation of CRL activity
Cullin-based ubiquitin ligases are subject to regulation by a cycle of covalent addition and removal of the 76-amino-acid ubiquitin-like protein called RUB (Related to Ubiquitin; known as Nedd8 in fission yeast and animals). RUBs/Nedd8 attach to a conserved lysyl e-amino group near the C-terminus of all six human cullin family members (Hori et al., 1999) . To date the same modification has been directly demonstrated for arabidopsis CUL1 (del Pozo and Estelle, 1999), CUL3a and CUL3b (Figueroa et al., 2005) and CUL4 is present in two electrophoretic forms, including a slower migrating form that increases in abundance in COP9 signalosome mutants (see below for relevance), strongly suggesting that it is also modified by RUB . RUB attachment, similar to ubiquitin attachment, occurs through the activities of E1-, E2-and E3-like enzymes. The E1-like protein is heterodimeric, composed of AXR1 and ECR1 subunits that activate RUB and pass it to the RCE1 RUB E2 conjugating enzyme. Finally, RBX1 appears to act as the RUB E3 ligase that facilitates RUB attachment to the cullin (Gray et al., 2002) , although in Caenorhabditis elegans and budding yeast, an additional protein, DCN-1/Dcn1p, facilitates rubylation/neddylation in vitro and in vivo (Kurz et al., 2005) .
Arabidopsis contains two closely related (RUB1 and RUB2) and one more divergent (RUB3) RUB family members (Rao-Naik et al., 1998) ; their precise functional roles are currently under investigation. RUB conjugation appears to stimulate CRL-based activity in vitro (Read et al., 2000; Wu et al., 2000) . Curiously, de-rubylation catalysed by the COP9 signalosome (CSN) Schwechheimer et al., 2001; Cope et al., 2002 ) also appears to be required for in vivo robust CRL activity in the degradation of Aux/IAA (auxin/indole-3-acetic acid) proteins (Schwechheimer et al., 2001) and HY5 (long hypocotyl5) (Osterlund et al., 2000) in plants, Spd1 in fission yeast , MEI-1 in C. elegans (Pintard et al., 2003a) , and cyclin E in mice (Mus musculus) (Lykke- Andersen et al., 2003) and Drosophila melanogaster (Doronkin et al., 2003) . By contrast, in vitro work with yeast and mammalian proteins demonstrates that the CSN effect is inhibitory rather than stimulatory on SCF activity Zhou et al., 2001; Yang et al., 2002; Groisman et al., 2003) .
These seemingly contradictory results have led to the hypothesis that a dynamic cycling of RUB/Nedd8 attachment and removal is needed for robust CRL activity . Recently, one specific mechanism was proposed to explain this observation. The CSN may be required for CRL activity in vivo by preventing proteolysis of CRL components when substrates are not present (reviewed in Wu et al., 2006) . CRL activity is further impacted by the CAND1 protein that binds to both the N-and C-termini of cullin homologues Goldenberg et al., 2004; Hu et al., 2004) . By such interactions it interferes with the binding of substrate recruiting modules (J. Zheng et al., 2002; Min et al., 2003; Lo and Hannink, 2006) and attachment of RUB/Nedd8, respectively Goldenberg et al., 2004) , thus functioning as a negative regulator of SCF activity in vitro. Therefore, one would expect in vivo loss of CAND1 to hyperactivate SCF activity, but the opposite is observed. Elimination of CAND1 from arabidopsis stabilizes the transcriptional regulators HY5 (Feng et al., 2004) , RGA (repressor of ga1-3) (Feng et al., 2004) and IAA7/AXR2 (indole-3-acetic acid7/auxin resistant2) (Chuang et al., 2004) that are normally slated for proteasome-mediated degradation, suggesting that CAND1 acts as a positive regulator of ubiquitin-mediated degradation in vivo through its impact on CRL activity. Therefore, the precise molecular events involved in cycles of CAND1/cullin/ RUB/SKP association and dissociation require further characterization. For instance, in vitro, once human CAND1 binds to unmodified human CUL1, even a suprastoichiometric amount of the Nedd8/RUB E2 enzyme in the presence of the Nedd8/RUB E1 cannot attach Nedd8 to CUL1 nor promote the displacement of CAND1 (Goldenberg et al., 2004) , leaving open the question of how a new round of CAND1 release and CRL activation can be achieved. Additional recent in vitro studies demonstrate that the F-box protein Skp2 together with Skp1 can promote CAND1 dissociation from CUL1, while a small complex including the p27 substrate recognized by Skp2 protein can inhibit deneddylation of CUL1 by the CSN (Bornstein et al., 2006) . These two processes can both promote SCF activity and provide an attractive explanation for increased p27 degradation as Skp2 levels rise near the end of G1. However, the authors point out that additional factors may be required for this process of CAND1 displacement and acknowledge that more work will be required to determine if these findings are broadly applicable to other CRLs (Bornstein et al., 2006) .
While the biochemical characterization of CAND1 proceeds, insights into the biological function of CAND1 in plants continue to arise from the identification and characterization of cand1 mutant alleles in arabidopsis. Aberrant phenotypes observed include altered venation patterns in vegetative leaves and cotyledons (Alonso-Peral et al., 2006) , modest auxin and ethylene resistance and increased ABA sensitivity compared with wild-type in roots (Cheng et al., 2004; Chuang et al., 2004; Feng et al., 2004) , darkgrown hookless hypocotyls, and enhanced sensitivity to low-fluence red light in hypocotyl elongation (Chuang et al., 2004; Feng et al., 2004) . Both a missense allele and T-DNA insertion alleles exhibit dwarfing as adult plants with an increased number of rosette leaves with wrinkly blades (Chuang et al., 2004; Feng et al., 2004) . T-DNA insertion alleles are almost completely sterile with reduced apical dominance and delayed flowering (Chuang et al., 2004; Feng et al., 2004) . These diverse phenotypes are not surprising given CAND1's ability to bind to multiple cullins and consequently to regulate the activities of many CRLs.
Proteasomal recognition and substrate degradation
Clearly, many proteins co-operate to accomplish the regulated attachment of ubiquitin to a substrate, but the story does not end there. Once the protein has been polyubiquitylated, it must be brought to the proteasome, recognized as a proteolytic substrate, deubiquitylated, threaded into the 20S core particle and hydrolysed therein. Selective and regulated deubiquitylation of proteins may play a counteracting role prior to or coincident with proteasomal docking. For instance, deubiquitylation of the human p53 protein by HAUSP inhibits p53 degradation . Although plants contain many putative ubiquitin hydrolases (reviewed in Smalle and Vierstra, 2004) , their in vivo roles remain largely uncharacterized. Mechanisms governing substrate recognition, deubiquitylation and degradation by the proteasome also provide important points of regulatory control that require further research.
Ongoing identification of the components of the UPS and characterization of their biochemical activities enhances our understanding of targeted protein degradation in plants. At the same time, a combination of forward genetic, reverse genetic and biochemical techniques enables us to examine the relationship between the UPS and various aspects of plant growth and development, including hormonal signalling and plant defence.
During functional characterization of hormone or defence pathways (discussed in detail here relative to UPS), scientists often monitor the consequences of altered levels of specific UPS components in vivo or in vitro. The molecular and phenotypic consequences depend on the nature of the UPS component (whether it promotes degradation or inhibits degradation) and on the function of the substrate in the pathway under investigation. When a particular UPS component that promotes degradation, such as an E3 ligase, is down-regulated, e.g. through mutation or transcriptional silencing, its substrate(s) should accumulate. So, in the case of a transcriptional activator, this should lead to increased expression of downstream genes ( Fig. 2A) . However, if the E3 ligase under consideration normally targets a transcriptional repressor for degradation, plants lacking that E3 ligase would have elevated levels of the repressor, and hence reduced transcription of downstream genes ( Fig. 2A) . The opposite effects would be observed upon over-expression of the E3 ligase, i.e. reduced transcription if the substrate is a transcriptional activator, owing to increased degradation and hence lower steady-state levels, but increased transcription if the substrate is a repressor ( Fig. 2A) .
Similar predictions of expected phenotypes can be developed for other potential E3 ligase substrates such as a kinase, phosphatase, hormone biosynthetic enzyme or hormone catabolic enzyme (Fig. 2B) . Additionally, the effects of perturbations in the degradative components of the UPS can be examined at the level of the downstream pathway. For instance, a transcriptional activator can be either a positive or a negative regulator of a signalling pathway (e.g. in response to hormones, light, drought, pathogen attack, etc.) depending on the types of genes it turns on. Similarly, kinases, phosphatases, receptors, transporters, GTPases, acetylases, ion pumps, etc., can all function as either negative or positive regulators of pathways. If one of these proteins that acts as a positive regulator of a pathway (such as the EIN3 transcription factor in ethylene signalling -see below) is subject to UPS-mediated degradation, then a plant lacking the E3 ligase responsible for degradation of the positive signalling component should be hypersensitive to the stimulus (e.g. ethylene) or should be more disease resistant if the protein positively regulates plant defence (Fig. 2B) .
In searching for and analysing novel E3 ligase/substrate interactions, these predictable phenotypes ( Fig. 2) can be used to make and test hypotheses about the regulatory roles of the UPS and the substrates in the signalling pathways under investigation. Similar molecular and pathwaylevel predictions can be made for many components of the UPS. For example, altered levels of other proteins that promote degradation, such as 20S proteasome core subunits, AXR1 and E2 ubiquitin-conjugating enzymes, would be expected to cause similar effects to altered levels of E3 ligases. By contrast, changes in the levels of Predicted phenotypic consequences of altering the levels of E3 ubiquitin ligases at the molecular level (A) and from the perspective of an overall pathway (B). The figure displays the predicted effects of altering the quantity of the E3 ligase components, but its predictions can be extended to mutations that affect the activity of the E3 ligase as well. The effects of mutations that decrease the activity of the E3 ligase, for example by impairing its ability to bind to the substrate or to the E2 enzyme, should resemble the effects of reducing the levels of the E3 protein. And similar outcomes might be expected when an E3 ligase is expressed at a higher level, or exhibits higher activity, for instance owing to an enhanced affinity for its substrate.
components of the UPS that act to stabilize substrates, such as deubiquitylating enzymes, would most likely promote opposite outcomes.
Auxin and the UPS
In plants, the hormone auxin appears indispensable for plant survival. Often present as indole-3-acetic acid (IAA), auxin plays a critical role in regulating cell growth, division and differentiation, and on a gross morphological scale, auxin clearly impacts apical dominance, root elongation, lateral root formation and many other processes (reviewed in Davies, 2004; Paciorek and Friml, 2006) .
Many, but not all, of auxin's effects are linked to auxinmediated alterations of the transcriptome and the UPS appears to be involved in allowing these transcriptional changes. Multiple members of the Aux/IAA family of proteins act as repressors of auxin-mediated transcription in transient transfection assays using carrot (Daucus carota) or arabidopsis protoplasts (Ulmasov et al., 1997; Tiwari et al., 2001 Tiwari et al., , 2004 . These proteins are subjected to rapid degradation and stabilized versions disrupt normal plant growth and auxin signalling, indicating the biological significance of rapid Aux/IAA proteolysis (reviewed in Reed, 2001) . Although there is no published report of ubiquitylated forms of these extremely short-lived proteins, evidence for their degradation via the UPS is compelling. The TIR1 F-box protein (Ruegger et al., 1998) , and three additional related F-box proteins called AFB1, 2 and 3 (Dharmasiri et al., 2005a, b) interact with Aux/IAA family members in vitro, suggesting that these proteins are substrates of a CUL1-based CRL, either an SCF TIR1 or an SCF AFBx . Two additional family members, AFB4 and AFB5, remain to be characterized biochemically, but the recent identification of afb5 mutants with reduced sensitivity to the structurally distinct picolinate class of synthetic auxins suggests that these proteins could act in a related pathway (Gagne et al., 2002; Dharmasiri et al., 2005b; Walsh et al., 2006) .
Evidence for Aux/IAA ubiquitylation also comes from the observations that in vivo degradation of Aux/ IAA fusion proteins such as IAA1:LUC (firefly luciferase) (Ramos et al., 2001) , AXR2(IAA7):GUS (b-glucuronidase) and AXR3(IAA17)NT:GUS (a fusion with the N-terminal 102 amino acids of IAA17) (Gray et al., 2001) is slowed by the proteasome inhibitor MG132 and both tagged and endogenous Aux/IAA proteins are stabilized by mutations in several components that affect CRL activity in particular, including AXR1, CAND1, CUL1 and CSN component CSN5 (Gray et al., 2001; Schwechheimer et al., 2001; Zenser et al., 2003; Chuang et al., 2004; Quint et al., 2005) .
How do auxin signalling and Aux/IAA proteolysis intersect? Surprisingly, increased levels of auxin promote accelerated degradation of these Aux/IAA transcriptional repressors (Gray et al., 2001; Zenser et al., 2001) by increasing their interactions with TIR1 and related AFBs (Gray et al., 2001; Kepinski and Leyser, 2004; Dharmasiri et al., 2005b) . Attempts to uncover the signalling steps between auxin perception and accelerated degradation led to the exciting discovery that auxin itself directly promotes the interaction between TIR1 and tagged forms of Aux/ IAA proteins and through this increased interaction probably prompts accelerated proteolysis (Dharmasiri et al., 2005a; Kepinski and Leyser, 2005 ; and reviewed in Parry and Estelle, 2006) . In all experiments, auxin binding occurs in the presence of both a TIR1/AFB protein and its Aux/IAA substrate, leaving open the possibility that both proteins are required to bind this crucial hormone (Dharmasiri et al., 2005a; Kepinski and Leyser, 2005) . This mechanism of proteolytic regulation represents a new paradigm for regulation of SCF activity and suggests that small-molecule non-covalent modulation of CRL function may occur in other contexts.
A recent study shows that auxin directs the movement of IAA17:GFP into nuclear protein bodies (NPBs) along with components of SCF TIR1 , the COP9 signalosome and the 26S proteasome core (Tao et al., 2005) . In arabidopsis cells, this relocalization depends on the RAC1 GTPase, a small signalling protein. RAC1's interactions with various downstream effectors is regulated by rounds of GTP binding and hydrolysis. Expression of a dominant negative form of AtRAC1 suppresses auxin-mediated formation of these NPBs and decreases loss of IAA17:GFP protein, whereas IAA17:GFP levels drop more in cells expressing a constitutively active form of RAC1 (Tao et al., 2005) . In addition, work performed in tobacco (Nicotiana tabacum) demonstrates that induction of auxin-responsive genes occurs while GFP-NtRac1 localizes predominantly to the plasma membrane, pointing to the existence of an unknown membrane-associated protein linking RAC GTPases to auxin-mediated acceleration of Aux/IAA degradation (Tao et al., 2002) .
There is also evidence that mutation of the HOBBIT Cdc27-like component of the APC stabilizes the IAA17/ AXR3 protein. This does not result from a global deceleration of proteolysis as the HY5 transcription factor that participates in light signalling is not similarly stabilized in hobbit mutants (Blilou et al., 2002) . It is unclear if the stabilization of IAA17 in hobbit mutants results from any direct interaction between the APC and Aux/IAA proteins, but suggests a link between cell cycle regulation and Aux/ IAA degradation.
Although several experiments demonstrate that auxin does not promote a global acceleration of proteolysis (Zenser et al., 2003; H. Li et al., 2004) , its effects on proteolysis are not limited to the Aux/IAA proteins. For example, degradation of a phosphorylated E2FB transcription factor that helps regulate cell cycle progression is dramatically slowed in arabidopsis cultured cells incubated with exogenous auxin [(1-NAA)1-naphthalene-acetic acid] (Magyar et al., 2005) . By contrast, levels of the NAC1 transcription factor, a positive regulator of auxinresponsive lateral root formation (Xie et al., 2000) , drop following treatment with auxin even though its transcript levels are initially induced by auxin (Xie et al., 2000 . Post-translational modification must be the cause of the lowered protein levels because plants expressing 35S:6ÂMyc:NAC1 show steady levels of transcript following auxin treatment even though 6ÂMyc:NAC1 protein levels drop. The authors found that the SINAT5 RING E3 ligase is capable of ubiquitylating NAC1 in vitro and affecting its accumulation in transgenic plants . SINAT5 is transcriptionally up-regulated by auxin more slowly than NAC1, but prior to observed decreases in NAC1 protein levels, suggesting that increased levels of SINAT5 cause increased degradation of NAC1 protein in the presence of auxin. It is not clear whether auxin has any additional role in promoting the degradation of NAC1 (e.g. by stimulating posttranslational modification that increases its affinity for SINAT5) .
The auxin signal transduction pathway demonstrates the power of the UPS to control plant behaviour tightly in response to transient or changing signals. For instance, a pulse of auxin will rapidly trigger increased Aux/IAA degradation and turn on genes required for auxin signalling. In roots, this might lead to lateral root formation, mediated in part by the NAC1 protein. But to prevent an over-proliferation of lateral roots, auxin also promotes degradation of the NAC1 protein through increased levels of an E3 ligase that catalyses NAC1 ubiquitylation. Other hormonal and defence signalling pathways could also employ the UPS both to initiate and then to dampen a biological response.
Like SINAT5, two other components of the UPS involved in lateral root development are also transcriptionally up-regulated by auxin, namely the RING E3 ligase, XBAT32 (Nodzon et al., 2004) , and the F-box protein CEGENDUO (Dong et al., 2006) ; however, no substrates for these proteins have been identified. It is interesting to note that the former is a positive regulator of lateral root formation while the latter inhibits lateral root development, again suggesting a potential dual stimulatory and inhibitory role for the UPS in this developmental process.
Several years ago, scientists also uncovered a link between the UPS and auxin transport. AtPIN2/EIR1, an auxin efflux carrier (Petrasek et al., 2006) , does not appear to be transcriptionally regulated by auxin, but the levels of a PIN2/EIR1:GUS fusion protein drop following treatment with the auxin 1-NAA or a protein synthesis inhibitor, suggesting that the protein is short-lived and its degradation is regulated by auxin (Sieberer et al., 2000) . NAA-mediated loss of EIR1:GUS is slowed by the axr1-3 mutation, intimating that degradation of this protein is regulated by a CRL (Sieberer et al., 2000) . This could be through a direct mechanism, or the stability of PIN2/EIR1 could be controlled by a component of the UPS under AXR1-mediated control.
A recent report verified and extended that study by demonstrating that inhibition of proteasome activity results in accumulation of PIN2 protein and by visualizing ubiquitylated forms of PIN2 . Gravistimulation leads to asymmetric distribution of both endogenous PIN2 and a PIN2:GFP reporter protein that can be blocked by treatment with a proteasome inhibitor. Internalization of the PIN2 protein also appears to be affected by a proteasome-dependent process . Thus, the UPS affects steady-state levels of PIN2 at the plasma membrane and consequently influences the amount and direction of auxin transport within a plant, but then auxin itself appears to affect the stability of PIN2. This may constitute an important feedback loop to localize and then limit auxin in specific cells.
Gibberellins and the UPS
The gibberellins (GAs), a group of diterpenoid compounds with phytohormone activity, affect various stages of plant development, including seed germination, stem elongation, root growth, flowering and pollen tube elongation (reviewed in Davies, 2004; Swain and Singh, 2005) and like auxin signalling, gibberellin-induced changes in transcription are an important part of the response pathway (Fleet and Sun, 2005) . Several features of the GA/UPS-mediated signalling cascade resemble characteristics of the Aux/IAA branch of the auxin signalling pathway. The DELLA proteins, named for highly conserved amino acids at their N-termini, act, like Aux/IAA proteins, as negative regulators of GA signalling. There are five proteins in this family in arabidopsis [GAI (GA insensitive), RGA (Repressor of ga1-3), RGL1 (RGA-like), RGL2 and RGL3 Peng and Harberd, 2002) ]. SLENDER RICE1 in rice (SLR1) and SLENDER1 in barley (Hordeum vulgare) (SLN1) are single DELLA proteins in these plants (Ikeda et al., 2001) and various other species also have homologous proteins . As for Aux/IAA proteins, DELLA proteins are subject to hormone-mediated acceleration of degradation. Levels of both endogenous RGA and a GFP:RGA fusion protein drop following GA treatment of arabidopsis seedlings (Silverstone et al., 2001) . Protein loss depends on an SCF complex containing the AtSLY1 (SLEEPY) F-box protein (Swain and Singh, 2005) . sly1 mutants contain elevated levels of RGA and can no longer eliminate this protein following GA treatment (McGinnis et al., 2003) . DELLA proteins (RGA and GAI) and SLY1 interact directly through both yeast-two-hybrid assays and in vitro pull-down experiments using GST-SLY1 (Dill et al., 2004) . A single arabidopsis homologue, SNEEZY (SNE), when overexpressed, can compensate for loss of SLY1 suggesting that it also acts as a substrate-recruiting protein for DELLA proteins (Strader et al., 2004) . The rice DELLA protein SLR1 also appears to be ubiquitylated through the activity of an SCF complex using the GID2 (Gibberellin-Insensitive Dwarf2) F-box protein (Itoh et al., 2003) in a GA-dependent manner, indicating a conserved function for rice GID2 and its arabidopsis orthologue SLY1.
How gibberellin promotes DELLA protein degradation is unclear. One possibility is that GA-induced posttranslational modification of the DELLA proteins enhances their interactions with the F-box component of the SCF E3 ligase. The DELLA proteins do appear to become phosphorylated in the presence of elevated levels of GA in rice (Itoh et al., 2003) and only phosphorylated SLR1 can interact with the GID2 F-box protein in vitro (Gomi et al., 2004) . In arabidopsis, there is also evidence for binding of phosphorylated GAI by the F-box protein SLY1 (Fu et al., 2004) . But the steps connecting GA and DELLA phosphorylation have not been elucidated.
Recent identification of the first bona fide gibberellin receptors in rice (Ueguchi-Tanaka et al., 2005) and arabidopsis (Nakajima et al., 2006) indicates that the receptor plays a role in GA-induced DELLA degradation. The soluble GA receptors, called GID1 in rice and GID1a, b and c in arabidopsis, bind bioactive GAs. gid1 rice mutants exhibit classic GA insensitivity phenotypes such as dwarfed stature, dark green leaves and lack of alpha-amylase induction in seeds. Sequence homology gives little insight into the molecular mechanisms that underlie GID1-mediated signalling. These proteins resemble hormone-sensitive lipases (HSLs), but lack one of the three conserved residues in the catalytic triad, and rice GID1 cannot hydrolyse an artificial HSL substrate (Ueguchi-Tanaka et al., 2005) . However, it is clear that GID1 can bind to the DELLA proteins in a GA-dependent manner recapitulated in yeast and in vitro (UeguchiTanaka et al., 2005; Nakajima et al., 2006) . In the rice gid1 mutant, the SLR1 DELLA protein accumulates to higher levels and SLR1 levels fail to drop following treatment with GA, demonstrating that GA-mediated SLR1 degradation depends upon GID1 (Ueguchi-Tanaka et al., 2005) . Interestingly, the DELLA proteins RGA and GAI can actually enhance GID1c's affinity for 16,17-dihydro-GA 4 , suggesting that this DELLA/GID1 twoprotein complex may actually be the biological binding target of the hormone (Nakajima et al., 2006) . If this model is correct, formation of the GA-GID1-DELLA complex may be required for productive SCF SLY1/GID2 -mediated ubiquitylation of the DELLA proteins, and it is unclear how phosphorylation affects this process (Nakajima et al., 2006) .
In addition to contributing to GA-mediated regulation of germination, growth and flowering (Wen and Chang, 2002; Macmillan et al., 2005; reviewed in Peng and Harberd, 2002) , recent studies demonstrate the importance of the DELLA signalling pathway for plant survival under salt stress. Arabidopsis seedlings grown on 100 mM salt accumulate lower levels of bioactive GA 1 and GA 4 , which should lead to increased DELLA stability. Indeed, a 1-h treatment with 50 mM NaCl is sufficient to increase the levels of a GFP:RGA reporter protein. Salt-induced stabilization of DELLA proteins can then inhibit plant growth to enhance stress tolerance (Achard et al., 2006) . Interestingly, three other hormones have been implicated in regulation of DELLA stability. Depletion of auxin from arabidopsis seedlings through decapitation leads to reduced GA-mediated loss of GFP:RGA from root nuclei whereas application of auxin to the shoot restores rapid GA-induced reduction in GFP:RGA levels (Fu and Harberd, 2003) . Ethylene exerts an opposite effect; seedlings grown in ethylene-rich air show slower loss of GFP:RGA from nuclei following GA treatment (Achard et al., 2003) . This implies that a ctr1-1 mutant exhibiting a constitutive ethylene response phenotype should accumulate more DELLA proteins capable of promoting stress tolerance. In keeping with this model, ctr1-1 mutants display enhanced survival under high salt conditions. This improved salt tolerance depends at least partially on DELLA proteins as a triple mutant ctr1-1 gai-t6 rga-24 that lacks two DELLA proteins is more susceptible to salt stress than ctr1-1 (Achard et al., 2006) . Abscisic acid (ABA) levels also affect DELLA accumulation. Roots treated with ABA show enhanced accumulation of a GFP:RGA fusion protein, both under basal conditions and following treatment with exogenous GA. But, plants mutant for abi1, a serine/threonine phosphatase that positively regulates ABA signalling, no longer accumulate GFP:RGA following ABA treatment (Achard et al., 2006) . Intriguingly, this regulation may be cell-type-, organismor family member-specific as SLN1 protein levels are not affected by ABA in barley aleurone cells (Gubler et al., 2002) . It is unclear how these changes in auxin, ethylene and ABA levels cause differential effects on DELLA protein stability, but it does provide an intriguing example of hormonal cross-talk in which multiple pathways can converge to influence the stability of a single family of transcriptional regulators.
GA and ABA also play well-characterized antagonistic roles in regulation of hydrolase production in the aleurone layer of germinated cereal seeds through their effects on another transcription factor, GAMYB. This positive regulator of alpha-amylase expression is transcriptionally up-regulated by GA (Gubler et al., 1995) and repressed by ABA (Gomez-Cadenas et al., 2001) . The SLN1 DELLA protein is implicated in the GA-mediated transcriptional regulation of GAMYB (Gomez-Cadenas et al., 2001; Gubler et al., 2002) , but a more recent yeast-two-hybrid assay pulled out another potential regulator of GAMYB in barley, named GMPOZ (Woodger et al., 2004) . This GAMYB interacting protein derives part of its name from its POZ domain, also known as a BTB domain. This provides a potential link between GAMYB and a CUL3-based CRL. Knock-down of GMPOZ in aleurone cells decreases GA-mediated transcription of an alphaamylase reporter construct, suggesting that GMPOZ normally positively regulates GA signalling. At the same time, the cells show enhanced ABA-mediated stimulation of a dehydrin reporter, arguing that GMPOZ normally negatively regulates ABA signalling in the barley aleurone layer. As GAMYB protein levels were not assayed, it is unclear how GMPOZ directly affects transcription of GAand ABA-responsive genes. But, based on the observed functions of BTB proteins in other organisms, it could potentially interact directly with elements of the basal transcription machinery, as seen for BAB1 and BAB2 in Drosophila (Pointud et al., 2001) , regulate the stability of GAMYB and/or other transcription factors as seen in Keap1-mediated destabilization of the Nrf2 transcription factor in humans (Furukawa and Xiong, 2005) , or even be degraded itself by a CUL3-based CRL as observed for MEL-26 in C. elegans (Pintard et al., 2003b) .
Genetic evidence also suggests that a HECT-type E3 ubiquitin ligase, UPL3, influences the GA-regulated process of trichome development as upl3-1 and upl3-2 mutants possess trichomes with elevated numbers of branches, similar to some GA-signalling mutants. upl3-1 and upl3-2 mutants are moderately hypersensitive to GA in a hypocotyl elongation assay, suggesting that some positive potentiator of GA signalling is more abundant in the absence of the UPL3 protein (Downes et al., 2003) .
PHOR1, a predicted E3 ligase initially identified in potato (Solanum tuberosum), also appears to participate in GA signalling (Amador et al., 2001) . This protein contains a U-box domain (Hatakeyama et al., 2001; Monte et al., 2003) , and a series of ARM repeats. An ARM repeat, first identified in the Drosophila protein ARMadillo, is approximately 40 amino acids in length and is typically present in a variable number of tandem copies and functions in protein -protein interactions (reviewed in Hatzfeld, 1999) . Plants expressing lowered levels of PHOR1 have shorter, GA-insensitive stems, whereas plants constitutively over-expressing PHOR1 develop longer stems that are hypersensitive to treatment with low levels of GA. Both sets of experiments argue that PHOR1 is normally a positive regulator of GA-stimulated growth. Increased levels of bioactive (GA 20 ) and inactive (GA 8 , GA 29 ) gibberellins accumulate in PHOR1 antisense lines consistent with a role for PHOR1 in regulation of GA metabolism, and indicative of a lack of normal feedback inhibition in this genetic background. Although a PHOR1:GFP fusion protein can be found in the cytoplasm or nucleus of tobacco BY cells following transient transfection, the majority of PHOR1:GFP signal is localized to the nucleus following treatment with exogenous GA (Amador et al., 2001) . Three arabidopsis proteins, AtPUB27, AtPUB28 and AtPUB29, are more than 50% identical to PHOR1 and may link the UPS to GA signalling in arabidopsis through degradation of unidentified substrate(s) (Monte et al., 2003) .
Although there is no evidence for UPS-mediated regulation of GA transport, a recent paper presents an exciting link between light signalling, targeted protein degradation and regulation of GA biosynthesis prior to seed germination . For many years it has been known that light signalling through the phytochrome family of photoreceptors can promote seed germination (Shinomura et al., 1994; Hennig et al., 2002) , and more recently it was discovered that this occurs through light-induced transcriptional up-regulation of GA biosynthetic enzymes (Yamaguchi et al., 1998) . The PIL5 (PIF3-Like 5) transcription factor represses seed germination by regulating the abundance of transcripts for GA biosynthetic and catabolic enzymes to decrease GA levels in seeds kept in the dark. Consistent with this finding, over-expression of PIL5 blocks up-regulation of the GA biosynthetic enzymes GA3ox1 and GA3ox2 and simultaneously promotes expression of the GA2ox2 oxidase that inactivates GA 4 and other biologically active GAs . Now there is evidence that PhyA and PhyB-mediated signalling can prompt degradation of Myc-tagged PIL5 to increase GA levels and promote germination in response to light. Higher levels of the PIL5 fusion protein accumulate in phyA mutants than in wild-type plants following a pulse of red light, and when examined over a longer period, phyB mutants also show elevated levels of Myc-tagged PIL5 relative to wild-type seedlings following a pulse of red or far-red light. The proteasome inhibitor MG132 blocks light-stimulated loss of Myc-PIL5 following a red or far-red light pulse, arguing that the UPS is required for the normal reduction of PIL5 protein levels in plants exposed to light . As PIL5 is degraded, GA biosynthetic genes are up-regulated while a GA catabolic gene is repressed, leading to the overall accumulation of GA required for seed germination.
Abscisic acid and the UPS
The hormone abscisic acid (ABA) is another prominent regulator of seed germination that also enables plants to respond to abiotic stresses such as drought. ABA can directly affect ion transport in guard cells to alter stomatal aperture rapidly in response to changing water availability (reviewed in Roelfsema et al., 2004) , but other slower ABA responses require changes in transcription. And, as observed for other phytohormones, the UPS is implicated in regulation of ABA-responsive transcription.
The first evidence of ABA-mediated changes in protein stability was observed for the ABI5 (abscisic acid insensitive5) protein in arabidopsis. Unlike the Aux/IAA and DELLA proteins, this basic leucine zipper transcription factor acts as a positive regulator of ABA responses. Therefore, it might not seem surprising that rather than promoting degradation of ABI5, abscisic acid is required for the maintenance of high levels of the ABI5 protein. This was discovered using transgenic arabidopsis plants expressing an HA:ABI5 fusion protein under the control of the constitutive 35S promoter. Although the levels of transcript for this fusion protein remain unaltered following ABA treatment, HA:ABI5 protein levels increase substantially. ABA treatment also blocks loss of the ABI5 protein from cycloheximide-treated seedlings incapable of performing de novo protein synthesis (Lopez-Molina et al., 2001) , and treatment of seedlings with proteasome inhibitors leads to the accumulation of ubiquitylated HA:ABI5 (Lopez-Molina et al., 2003) , implicating the UPS in ABI5 degradation. This hypothesis is strengthened by the observation that ABI5 is stabilized in the rpn10-1 mutant that has a defect in one of the nine RPN (Regulatory Particle, Non-ATPase) subunits of the 26S proteasome lid. Interestingly, two other proteasome substrates, PhyA and HY5, are not stabilized in this mutant background, suggesting that RPN10 may promote degradation of a subset of proteasome substrates including ABI5 (Smalle et al., 2003) . It is unclear how ABA stabilizes ABI5, but several experiments demonstrate that the ABI5-interacting protein (AFP) plays a role in downregulating ABI5 protein levels in the absence of ABA (Lopez-Molina et al., 2003) . Upon removal of ABA from the media, seedlings that are over-expressing AFP show a much more rapid loss of ABI5 than wild-type seedlings or afp mutants. ABI5 and AFP were initially shown to interact in a yeast-two-hybrid assay and this association was confirmed in planta through co-immunoprecipitation experiments. Fluorescently tagged AFP and ABI5 proteins also co-localize in nuclear protein bodies in transgenic arabidopsis seedlings treated with ABA. These nuclear protein bodies also include the COP1 RING E3 ligase when all three proteins are bombarded into onion epidermal cells (Lopez-Molina et al., 2003) . However, to date there is no evidence that COP1 ubiquitylates ABI5, so the search is still on for the E3 ligase that acts upon ABI5, and for the abscisic acid receptor and/or other signalling components that link altered ABA levels to changes in ABI5 proteolysis.
The degradation pathway of another ABA-responsive transcription factor, ABI3, has also been studied. This B3-domain-containing transcription factor plays a prominent role in ABA-signalling. Like ABI5, an ABI3:6Myc fusion protein was recently found to be relatively shortlived under basal conditions, but to be long-lived in the presence of proteasome inhibitors . It appears that ABI3 degradation is mediated, at least in part, by the AIP2 (ABI3-Interacting Protein2) RING-type E3 ubiquitin ligase. ABI3 and AIP2 interact in a yeast-twohybrid assay and tagged versions of these proteins co-immunoprecipitate in arabidopsis extracts. Moreover, ABI3 is a substrate of AIP2-mediated ubiquitylation in an in vitro assay. Not surprisingly, over-expression of AIP2:3ÂHA reduces the accumulation of ABI3 in arabidopsis seedlings, whereas levels of the endogenous ABI3 protein increase in aip2-1 mutants. ABA regulates the stability of ABI3, but unlike for ABI5, elevated levels of ABA reduce ABI3 accumulation. Similar to the NAC1/ SINAT5 signalling system in the auxin pathway, it seems that ABA-mediated transcriptional up-regulation of the AIP2 RING-E3 ligase allows it to degrade more ABI3, providing a partial mechanistic explanation for the link between ABA levels and ABI3 proteolysis. Nevertheless, Zhang et al., (2005) conclude that AIP2 might target other proteins for ubiquitin-mediated degradation, and that ABI3 may also be ubiquitylated by other E3 ligases.
Yet another positive regulator of ABA transcription, the ABF2 (ABRE Binding Factor2) transcription factor, also interacts with a potential component of an E3 ligase, ARIA (ARM protein Repeat Interacting with ABF2), in both yeast-two-hybrid assays and in vitro pull-down experiments (Kim et al., 2004) . Over-expression or knock-out of ARIA affects a subset of ABA-regulated processes and indicates that ARIA is a positive regulator of ABA signalling. For example, aria mutants show reduced sensitivity to ABA in root elongation assays. In addition to its ARM repeats, ARIA possesses a BTB domain. Although a GST:ARIA fusion protein can pull down ABF2 in vitro (Kim et al., 2004) , it could also potentially mediate interactions with a CUL3 protein and thereby link ABF2-regulated processes to the UPS. As in the case of the GMPOZ BTB-protein involved in negative regulation of ABA signalling in barley (see above), there is no evidence of whether ARIA or its potential substrates undergo UPS-mediated degradation.
Several other sets of experiments highlight potential relationships between ABA signalling and the UPS. First, a characterization of the ATL [Arabidopsis Toxico para Levadura (toxic to fungi)] family of RING E3 ligases included a phenotypic analysis of lines with T-DNA insertions in various ATL genes. A mutation in ATL43 renders seedlings insensitive to ABA in a seed germination assay (Serrano et al., 2006) . The U-box E3 ligase AtCHIP may also be involved in ABA signalling. Over-expression of the protein makes plants hypersensitive to the effects of ABA in a germination assay and in a stomatal aperture assay. AtCHIP seems capable of attaching a single ubiquitin moiety to the A subunit of protein phosphatase 2A, but it is unclear whether this is functionally related to the ABA signalling pathway (Luo et al., 2006) .
The possible involvement of an SCF-complex in ABA signalling was uncovered through characterization of TLP9 (Lai et al., 2004) . This member of the TUBBY-LIKE family of genes in arabidopsis contains a C-terminal tubby domain [named for a protein identified in obese mutant mice (Kleyn et al., 1996) ] and an N-terminal F-box domain. Yeast-two-hybrid assays confirm that this F-box protein can interact with arabidopsis ASK1. Phenotypic analyses of two tlp9 insertional mutants indicate that this protein is required for normal ABA signalling. The mutant plants show reduced sensitivity to ABA in seedling germination assays whereas plants over-expressing TLP9 under the control of the 35S promoter exhibit ABA hypersensitivity and lower rates of germination. These phenotypes lead to the prediction that TLP9's substrate(s) are negative regulators of ABA signalling or levels (Fig. 2B ), but none has been identified to date. It is interesting to note that in the abi1 ABA-insensitive mutants, TLP9 transcript levels are reduced (Lai et al., 2004) .
Finally, there is new evidence that the XERICO RING E3 ligase contributes to regulation of ABA levels in arabidopsis, potentially in response to osmotic and salt stress. Transcription levels of this gene rise in response to high salt and osmotic stress -conditions that normally increase ABA levels (Ko et al., 2006; reviewed in Zhu, 2002) . Over-expression of XERICO prompts an increase in ABA levels in transgenic plants relative to wild-type plants when both are grown in well-watered conditions; drought conditions further increase ABA accumulation even in the 35S:XERICO plants. Transcriptional profiling demonstrates an up-regulation of the NCED ABA biosynthetic gene in both wild-type and transgenic plants following treatment with ABA, but the level of induction is greater in the 35S:XERICO plants. XERICO interacts with the E2 ubiquitin-conjugating enzyme, UBC8, in yeast-two-hybrid assays. Unexpectedly, the TLP9 F-box protein also interacts with XERICO in this experiment. Although both appear to function in ABA signalling and show a high degree of co-expression at the transcriptional level, the functional significance of this novel RING/ F-box protein interaction has not been discerned (Ko et al., 2006) .
Brassinosteroids and the UPS
Brassinosteroids (BRs), a class of polyhydroxylated steroid hormones, also have pleiotropic effects on plant development and regulate processes such as cell division, cell elongation, photosynthesis, vascular differentiation and stem elongation (reviewed in Bishop and Koncz, 2002 ).
In the BR signal transduction pathway, the first hint that the UPS is involved in BR-mediated transcriptional responses came from analyses of the bes1-D (bri1-EMS-suppressor 1 Dominant) and bzr1-1D (brassinazole-resistant 1-1Dominant) mutants that display BR hypersensitivity Yin et al., 2002) . These dominant mutants harbour identical proline to leucine missense substitutions in two related proteins that are transcription factors. Analysis of bzr1-1D:CFP and BZR1:CFP fusion proteins in arabidopsis seedlings demonstrates that the mutant protein accumulates to substantially higher levels, indicating that it is stabilized relative to its wild-type counterpart. This suggests that these positive regulators of BR-mediated transcriptional changes must normally be degraded to prevent constitutive BR signalling. Subsequent work identified additional regulatory components that led to the development of a model of BR signalling with some similarity to the Wnt/GSK3/ b-catenin signalling pathway found in metazoans (reviewed in Vert et al., 2005; Cadigan and Liu, 2006) . New findings, such as those regarding subcellular localization of BR signalling components, highlight the potential for significant differences between these signal transduction cascades (reviewed in Vert et al., 2005; Vert and Chory, 2006) , but some similarities may exist. For instance, in the absence of BR, the BIN2 (Brassinosteroid insensitive2) GSK3-like kinase is hypothesized to phosphorylate and thereby destabilize BES1 and BZR1. BIN2 can interact directly with BZR1 in a yeast-two-hybrid assay and can phosphorylate it in vitro . Treatment with proteasome inhibitors stabilizes the BZR1 protein, suggesting that it is degraded by the UPS. In addition, the phosphorylated form of BZR1 appears to be the substrate for proteolysis as its abundance is affected more significantly by the proteasome inhibitor treatment than the hypo/un-phosphorylated form of the protein . But when BR levels rise, the membranebound BRI1 (Brassinosteroid insensitive1) and BAK1 (BRI1-associated receptor kinase) leucine-rich repeat receptor kinases somehow cause an accumulation of hypophosphorylated BES1 and BZR1 Yin et al., 2002) . Two mechanisms may contribute to this outcome. First, the receptors might signal to BIN2 to decrease its phosphorylation activity toward BES1 and BZR1. Second, the activity of the nuclear-localized BSU1 (bri1 Suppressor1) phosphatase may also increase. BSU1 can dephosphorylate BES1 in vitro and an activationtagged line that expresses elevated levels of the BSU1 protein shows an accumulation of the hypophosphorylated form of BES1, demonstrating that this phosphatase also acts on BES1 in vivo (Mora-Garcia et al., 2004). As the levels of dephosphorylated BZR1 and BES1 proteins rise within the nucleus, they can turn on BR-responsive genes (reviewed in Vert et al., 2005) . Although their phosphorylation status was initially suggested to be a prime regulator of BES1 and BZR1 protein accumulation, recent evidence suggests that phosphorylation has a much more dramatic effect on BES1's ability to interact with other transcription factors and to bind to and activate transcription from BR-sensitive promoters (Vert and Chory, 2006) . So, although BES1 and BZR1 may be relatively shortlived proteins, it does not seem that BR-mediated stabilization of these proteins is required for BR signalling. Nevertheless, identification of the E3 ubiquitin ligases responsible for BES1 and BZR1 degradation will contribute to a fuller understanding of the BR signal transduction cascade.
Although the stability of the BIN2 kinase (Vert and Chory, 2006) and BSU1 phosphatase (Mora-Garcia et al., 2004) are reported to be unaffected by brassinosteroid levels, other components of the BR pathway may be regulated by the UPS. As seen in the auxin and abscisic acid signalling pathways, BR appears to regulate transcriptionally a RING E3 ubiquitin ligase. The BRH1 (Brassinosteroid-responsive RING-H2) transcript is downregulated by addition of brassinolide in a BRI1-dependent manner. No putative substrates have been identified for this E3 ligase, but it is interesting to note that it is transcriptionally up-regulated by the elicitor chitin, suggesting a potential and novel antagonistic link between BR and pathogen signalling that involves the UPS (Molnar et al., 2002) .
Ethylene and the UPS
The small gaseous hormone ethylene regulates several aspects of the plant life cycle including seed germination, flower development, flower senescence and fruit ripening. Ethylene is also produced in response to several types of abiotic and biotic stresses, including pathogen attack (reviewed in Klee, 2004; Chen et al., 2005; van Loon et al., 2006) . Thus, ethylene is a regulator both of endogenous developmental programmes, and externally stimulated stress adaptations and plant defences. The UPS appears to function in all of these ethylene-mediated processes.
Transcriptional changes resulting from altered ethylene levels play a vital role in the ethylene signal transduction pathway. The EIN3 (Ethylene-insensitive 3) transcription factor and its homologues act as positive regulators of ethylene responses by turning on downstream transcriptional regulators such as the ERF1 (Ethylene Response Factor) gene (Solano et al., 1998) . Ethylene-dependent stabilization of EIN3 thus initiates an important transcriptional cascade (reviewed in Alonso and Stepanova, 2004) . EIN3 abundance is controlled by an SCF E3 ubiquitin ligase containing one of two related F-box substrate specificity factors: EBF1 or EBF2 (EIN3-Binding F-box) (Potuschak et al., 2003; Gagne et al., 2004; Guo and Ecker, 2004) . These proteins interact with EIN3 and the related EIL1 protein in a yeast-two-hybrid experiment, and EIN3 is pulled down by both GST:EBF1 and GST:EBF2 in vitro (Potuschak et al., 2003) . The ethylene precursor ACC increases the stability of an EIN3:FLAG fusion protein (Yanagisawa et al., 2003) and endogenous EIN3 (Guo and Ecker, 2003) in arabidopsis seedlings, but it is unclear exactly how ethylene regulates this process.
Several upstream components in the ethylene signalling pathway, including the ETR/ERS receptor, and EIN2, EIN5 and EIN6 all need to be functional for EIN3 to accumulate. In addition, the CTR1 kinase also contributes to EIN3 proteolytic regulation, because constitutively active ctr1 mutants show elevated levels of EIN3. But CTR1 cannot be the sole regulator of EIN3 stability, as addition of exogenous ethylene still promotes EIN3 accumulation even in a ctr1-1 mutant (Guo and Ecker, 2003) . One possible mode of regulation would be at the level of EBF abundance. This model would predict a decreased level of EBF protein as ethylene levels rise. But, interestingly, activation of the ethylene signalling cascade, through EIN3, actually induces EBF2, but not EBF1, transcription, perhaps to promote a negative feedback loop to prevent excessive ethylene response (Potuschak et al., 2003) . This differential transcriptional regulation of EBF1 and EBF2 fits with the hypothesis that EBF1 and EBF2 play slightly different roles in regulating EIN3 stability. Analysis of mutant phenotypes suggests that EBF1 may be sensitive to lower levels of ethylene and act as a constitutive damper on the ethylene pathway, whereas EBF2 may play a more significant role at higher ethylene levels, and when the plant wants to shut down an acute ethylene response (Gagne et al., 2004) . As the abundance of the EBFs does not seem to be inversely correlated with EIN3 stability, post-translational modification of one or the other could influence their binding abilities. Given that these proteins interact both in yeast-two-hybrid assays and in vitro, post-translational modification of EIN3 or the F-boxes is unlikely to be a requirement for the interactions. However, it is possible that ethylene-mediated modification of EIN3 or the EBFs could disrupt their binding and thereby slow EIN3 degradation.
Although there is much interest in characterizing ethylene's ability to modulate EIN3 stability, efforts are also underway to ascertain the relationship between sugar signalling and EIN3 proteolysis. EIN3 stability is subject to regulation by glucose through the hexokinase signalling pathway. Because ethylene and glucose often have antagonistic effects on plant growth, it makes sense that glucose actually promotes proteolysis of EIN3, which was demonstrated using Flag-, Myc-and GFP-tagged EIN3 proteins in protoplasts and transgenic arabidopsis seedlings (Yanagisawa et al., 2003) . Although glucose-mediated loss of EIN3 is severely impaired by treatment with proteasome inhibitors, the specific components of the UPS that regulate EIN3 stability in response to glucose have not been identified. Glucose could act through the EBF1/2-based system, or through a completely novel ubiquitin ligase.
EIN3 may not be the only transcription factor involved in the ethylene response that is regulated at the level of proteolysis. The ERF3 gene of tobacco encodes a transcription factor capable of repressing ethylene responses (Koyama et al., 2003) . The mRNA level of its homologue in Nicotiana sylvestris, NsERF3, is increased by ethylene (Kitajima et al., 2000) . Yeast-two-hybrid experiments demonstrate an interaction between the ERF3 protein and an E2 ubiquitin-conjugating enzyme NtUBC2 that depends on the region found between the conserved ERF domain and the EAR-motif-containing repressor domain in ERF3. Interestingly, two ERFs from different subfamilies that possess transcriptional activation, as opposed to repressive, capabilities do not interact with the UBC. The yeast-two-hybrid truncated NtUBC2 clone capable of interacting with ERF3 was used to identify full-length NtUBC2 and a closely related protein designated NtUBC1. There is some evidence that NtUBC2 might regulate ERF3. Transient co-expression of ERF3 and a putative dominant-negative form of NtUBC2 in tobacco cells increase ERF3's ability to repress transcription, presumably owing to stabilization of ERF3 by the mutant NtUBC2 (Koyama et al., 2003) . To date, it is unknown whether this process is affected by ethylene or whether an E3 is required to bring UBC2 and ERF3 together in vivo.
Although there is evidence that ethylene is capable of modulating the degradation of components of its own signalling pathway, the identification of the hss1 mutant demonstrated that ethylene can also regulate the stability of proteins functioning in the auxin signalling pathway, providing another example of cross-talk occurring through the UPS. Both ethylene and auxin play roles in regulating apical hook development in dark-grown seedlings. One protein required for this developmental programme is HOOKLESS1 (HLS1). HLS1 encodes a putative N-acetyltransferase that is transcriptionally up-regulated by ethylene and is required for apical hook maintenance (Lehman et al., 1996) . It also appears to mediate cross-talk with the auxin signalling pathway as a mutation in ARF2 (Auxin response factor2) can suppress many aspects of the hls1 phenotype. ARF2 is a member of a family of transcriptional regulators that bind to auxin response elements (AuxREs) in gene promoters (reviewed in Guilfoyle et al., 1998; Okushima et al., 2005) , and recent studies posit that ARF2 is a negative regulator of cell division and organ growth (Schruff et al., 2006) . Although ARF2 transcript levels do not change in the hls1 mutants, the level of the ARF2 protein rises, suggesting that HLS1 normally negatively regulates ARF2 accumulation. Consequently, increased levels of ethylene sufficient to increase HLS1 levels cause a concomitant drop in ARF2 protein levels (H. ). Ethylene's ability to modulate ARF2 levels depends on the presence of the HLS1 protein, and on a functional proteasome as treatment with the MG132 proteasome inhibitor blocks ACC-mediated loss of ARF2.
Light also affects the accumulation of HLS1 and thus ARF2. Even in the presence of exogenous ACC, light can down-regulate the levels of the HLS1 protein, which is correlated with a subsequent rise in ARF2 protein levels. It is unclear both how light affects HLS1 protein abundance, and how HLS1 lowers the stability of ARF2. The transfer of an acetyl group to a substrate by HLS1 could affect ARF2 proteolysis, but based on several experiments, ARF2 does not appear to be its substrate (H. . However, other components of the degradation machinery could be regulated by this post-translational modification and their identification should lend insight into UPS-mediated integration of light, ethylene and auxin signalling in apical hook maintenance.
Rising ethylene levels certainly lead to UPS-mediated changes in transcription, but several lines of evidence demonstrate that ethylene production itself is governed in part by the UPS. Evidence for CRL-based regulation of ethylene production arose from two distinct lines of research. From the UPS side of the story, posttranscriptional gene silencing of the closely related RUB1 and RUB2 proteins, which modify CRLs (see above) and regulate their activity, causes overproduction of ethylene in dark-grown arabidopsis seedlings (Bostick et al., 2004) . And mutation of the RUB-conjugating enzyme RCE1 also increases ethylene production in dark-grown seedlings (Larsen and Cancel, 2004) , again suggesting that RUB conjugation to one or more CRLs negatively regulates some aspect of ethylene production. Despite the existence of hundreds of unique CRLs in arabidopsis that could be affected by the rubylation pathway, one candidate emerged from independent studies of plants with defects in regulation of ethylene synthesis, namely Ethylene Overproduction (ETO) mutants. The eto1-1 mutation disrupts a protein with a BTB domain capable of binding to CUL3 and acting as the substrate recognition subunit in a CUL3-based E3 ubiquitin ligase .
ACC synthase (ACS) isozymes are probable substrates for this CUL3 ETO1 E3 ligase. The abundance of ACS biosynthetic enzymes largely governs ethylene production levels (reviewed in Kende, 1993; Chae et al., 2003) . Changes in ACS transcript levels have been shown to affect ethylene levels (Bleecker and Kende, 2000) , but post-translational regulation is also evident for at least some ACS family members found in tomato (Solanum lycopersicum) and other plants (Kim and Yang, 1992) . ETO1 and related family members ETO-LIKE1 and 2 (EOL1, 2) can bind to ACS5 in yeast-two-hybrid assays. Two other ethylene overproduction mutants, eto2 and eto3, bear mutations in the ACS genes ACS5 and ACS9, respectively (Vogel et al., 1998; Chae et al., 2003) . Both eto2-1/acs5 and eto3-1/acs9 mutants possess mutations within their C-termini. Mutant eto2-1/acs5 protein is longer-lived than wild-type ACS5. This increased stability depends upon the ETO1 protein (Chae et al., 2003) . Whereas wild-type HA:ACS5 can be pulled down from plants by wild-type RGS:His-tagged ETO1, a mutant form of HA:acs5/eto2-1 does not interact with this protein, suggesting that this mutant protein remains stable because it escapes detection and ubiquitylation mediated by ETO1. In addition, ETO1 interaction with ACS5 inhibits ACS activity, suggesting an additional mode of regulation . ACS5 appears to be another point of convergence for two hormone signalling pathways because cytokinin treatment of arabidopsis etiolated seedlings leads to ethylene overproduction and to an increase in the half-life of an Myc:ACS5 fusion protein (Chae et al., 2003) . These findings allow the development of a general model in which a CUL3-based ubiquitin ligase containing the ETO1 adaptor protein binds to the C-terminus of ACS5 and targets it for ubiquitylation and degradation. However, at least two major questions remain to be answered.
First, ethylene levels change during many developmental processes and in response to external stimuli. This implies that ETO1-based ACS5 degradation should be slower under conditions that promote ethylene synthesis, but there is no definitive explanation for this phenomenon.
Post-translational modification of ACS5 may regulate its interactions with ETO1 or affect components of the UPS. A tomato ACC synthase, ACS2 (Tatsuki and Mori, 2001) , undergoes phosphorylation in its C-terminus by a wound-inducible calcium-dependent protein kinase. If this disrupted interactions between the ACS and ETO1, thereby stabilizing the enzyme, it could contribute to wound-induced ethylene production (Tatsuki and Mori, 2001) . Although neither tomato ACS2 nor arabidopsis ACS5 have predicted consensus CDPK phosphorylation sites, experiments performed using synthetic peptides demonstrate that they both contain a non-canonical CDPK target site in their C-termini. Furthermore, a comparison of peptides derived from the C-terminus of arabidopsis ACS5/9 (which are identical in this region) containing the wild-type sequence or the equivalent of an eto3 mutation showed that the latter is a better substrate for CDPK I from maize (Zea mays) (Hernandez Sebastia et al., 2004) , providing some support for a model in which increased CDPK-dependent phosphorylation of acs mutants blocks ETO1 binding, and hence ubiquitylation. However, there is no definitive evidence of ACS5 or ACS9 phosphorylation in arabidopsis to date.
There is evidence that other kinases can play a role in regulating the stability of different ACS family members. SIPK, a tobacco MAPK that is induced by numerous stimuli including drought, osmotic stress and UV irradiation, also increases ethylene signalling by increasing ACS activity (Kim et al., 2003) . Examination of AtMPK6, the SIPK orthologue, indicates that this MAPK contributes to increased ethylene production in arabidopsis, as well. No putative MAPK phosphorylation sites exist in ACS5 or ACS9, although they are found in the C-terminus of ACS2 and ACS6. Accordingly, plant-derived MPK6 can phosphorylate recombinant ACS2 and ACS6, but not ACS5. Conditions that activate MPK6 increase the levels of FLAG-tagged ACS6 in arabidopsis seedlings, and a phosphomimic ACS6 mutant (with serine to aspartate substitutions) accumulates even in the absence of elevated MPK6 activity (Liu and Zhang, 2004) . It will be interesting to determine whether specific kinase/ACS combinations that regulate ethylene production all go through ETO1 and its homologues, or if other specific E3 ligase components are involved.
Another outstanding question concerns cytokinin's influence on ACS5 stability. Although the C-termini of the ACSs appear to be hot spots for regulatory modifications, cytokinin-mediated stabilization of ACS5 cannot be solely explained by post-translational modification of the C-terminus. The mutant eto2 protein lacks the proper final 12 amino acids of the protein, including the conserved serine phosphorylated by CDPK (Chae et al., 2003) . Nevertheless, eto2 is still stabilized by cytokinin, prompting a search for some novel mode of cytokinin-mediated changes in ACS5 accumulation. One of the first priorities might be to determine whether an ETO1-based E3 ligase or other components of the UPS system are involved in cyokinin's control of ACS5 longevity.
Once a plant produces an appropriate amount of ethylene based on its developmental context and ambient conditions, the hormone needs to be perceived to regulate downstream signalling steps, such as gene transcription (see above). In arabidopsis, there is a family of five receptors that contribute to ethylene perception (reviewed in Alonso and Stepanova, 2004) . Analysis of several mutant forms of the ethylene receptors suggested that their stability might also be regulated in a post-transcriptional manner (Zhao et al., 2002) . For example, four dominant mutations in ETR1 that confer ethylene insensitivity cause higher accumulation of the ETR1 receptor in dark-grown seedlings. Further analysis of etr1-1 revealed that its mRNA levels are not elevated relative to wild-type ETR1 mRNA, indicating that the elevated levels of etr1-1 protein result from a post-transcriptional change. ETR1 protein levels are not augmented in ein2 or ein3 mutants, suggesting that reduced ethylene sensitivity per se is not the causative agent of ETR1 stabilization. Intriguingly, addition of silver nitrate, which renders the receptors insensitive to ethylene, also increases the accumulation of the wild-type ETR1 protein, but does not further increase the stability of the ethylene-insensitive forms of ETR (Zhao et al., 2002) . Given that some animal hormone receptors show accelerated degradation in the presence of their binding hormone, it is possible that the ethylene-insensitive forms of ETR1 that cannot bind the hormone have a lower rate of degradation.
Jasmonates and the UPS Jasmonates (JAs), derived from linolenic acid (reviewed in Turner et al., 2002) , like ethylene, function in normal developmental pathways, but also play a crucial role in allowing plants to mount a defence to biotic challenges. JA affects processes such as pollen development and fruit ripening, and also promotes resistance to insects and pathogens (reviewed in Creelman and Mullet, 1997) .
The first indication of UPS involvement in jasmonate signalling came with the identification of the coronatine insensitive1 (coi1) mutant. coi1 plants are insensitive to the JA-like compound coronatine, as well as to methyl jasmonate (MeJA) (Feys et al., 1994) . COI1 encodes an F-box protein and both tagged and native forms of COI1 can interact with ASK1, ASK2, RBX1 and CUL1 in planta, suggesting that COI1 assembles into an SCF-type E3 ubiquitin ligase Xu et al., 2002) . Four subunits of the CRL-modifying COP9 signalosome can also be co-immunoprecipitated with FLAG-tagged COI1 . JA-related phenotypes observed in plants with mutations in UPS components bolster the claim of its involvement in JA signalling. For instance, RNAi-mediated knock-down of RBX1 reduces MeJA-dependent induction of genes such as Allene Oxide Synthase (AOS) (Xu et al., 2002) , and a mutation in AXR1 impairs MeJA-dependent inhibition of root growth (Tiryaki and Staswick, 2002) . In addition, the jai4 mutant obtained through a screen for JA-insensitive mutants in an ein3 background (Lorenzo et al., 2004) has a mutation in the SGT1b protein (Lorenzo and Solano, 2005) . As homologues of SGT1 in barley (Azevedo et al., 2002) and tobacco (Y Liu et al., 2002) interact with components of the SCF and the COP9 signalosome, the loss of JA sensitivity in a jai4/sgt1b mutant further links JA signalling to SCF-mediated processes.
Despite the demonstrated importance of COI1 and UPS-related proteins in JA signalling, no substrates of the SCF-COI1 E3 ligase have been conclusively identified to date. The RPD3b/HDAC6 histone deacetylase interacts with COI1 in yeast-two-hybrid assays and in planta, suggesting that it could be a substrate for COI1-mediated ubiquitylation and degradation , although further work will be required to substantiate this hypothesis. Over-expression of the related HDAC19 in arabidopsis enhances expression of the JA-responsive PR (Pathogenesis-Related) genes Basic Chitinase and Beta-1,3-glucanase (Zhou et al., 2005) . This would imply that if HDAC6 and/or HDAC19 are substrates of COI1-mediated proteolysis, then JA should reduce the interaction between COI1 and the deacetylases to promote JA-mediated chromatin modification and induce PR gene expression.
Another potential substrate for COI1-dependent ubiquitylation, the small subunit 1b of Rubisco, was also pulled out of a yeast-two-hybrid screen for COI1-interactors . Previous studies demonstrated MeJA-stimulated degradation of Rubisco, and indicated that this might be part of MeJA-induced leaf senescence (reviewed in Parthier, 1990) , but no further work has been done to determine whether the Rubisco subunit is subject to COI1-mediated degradation.
Plant defence and the UPS
Plants consistently face challenges from a wide array of biotic stresses, including insect herbivoury, and fungal, bacterial and viral attacks. Both specific and general, and often overlapping defences are mounted in response to each type of biological onslaught, and increasing evidence points to the participation of the UPS in these varied forms of defence.
Regulated proteolysis of endogenous or pathogenproduced proteins can contribute to multiple levels of plant defence. First, the 'basal defence' system allows plants to recognize and respond to a broad range of potentially pathogenic (non-host) organisms based on the pathogen-associated molecular patterns (PAMPs) they present to the plant. For instance, the fungal cell wall component chitin and bacterial flagellin proteins both stimulate several protective measures, such as callose deposition (Gomez-Gomez et al., 1999) and oxidative bursts in many plant species (for references see M.G. . However, plants also have heightened abilities to respond to particular (host) pathogens through the gene-for-gene, or R-mediated resistance pathways. In this system, a pathogen may evolve a factor, often a protein or peptide, that specially enhances its pathogenesis on specific 'host' plants. If a plant protein evolves to counteract this pathogenic factor, the plant will be able to prevent pathogenesis of this specific invader by initiating resistance responses often accompanied by localized cell death through the hypersensitive response (HR).
In this case, the pathogenic factor is called an avirulence (Avr) factor and the plant defence protein is termed an R (resistance) protein. If a plant targeted by the pathogen with a particular Avr lacks the cognate R gene, the plant will be susceptible to attack.
In addition to the immediate and local consequences of basal and R-mediated defence signalling, pathogen attack also prompts the development of systemic acquired resistance (SAR), which renders a plant less susceptible to subsequent attacks by a variety of organisms, including fungi, bacteria and viruses (reviewed in Durrant and Dong, 2004) . Typically, tissue damage caused by necrotrophic pathogens or the induction of an HR triggers increases in the levels of salicylic acid (SA). This prompts local and distal signalling events, largely through the activity of the NPR1 (non-expresser of PR genes) regulatory protein, as it stimulates expression of many Pathogenesis-Related (PR) genes. A similar NPR1-dependent but SA-independent suite of responses, termed induced systemic resistance (ISR), is stimulated by non-pathogenic root-colonizing bacteria, but also heightens a plant's ability to fend off future attacks from fungi and bacteria (reviewed in Feys and Parker, 2000; Durrant and Dong, 2004) .
Ongoing studies of plant defence continue to uncover complex interactions between basal defence, R-mediated defence and systemic defence responses. Some recent experiments have specifically led to interesting modifications of the original gene-for-gene (R-protein-based) model and highlight new links between it and basal defence. First, the 'guard' hypothesis (Van Der Biezen and Jones, 1998; Dangl and Jones, 2001) posits that R-mediated resistance is not necessarily initiated through a direct interaction between an Avr factor and its cognate R protein. Rather, R proteins may survey the status of the direct targets of the Avr factor. For example, Pseudomonas syringae directly secretes the AvrRpm1 protein into plant cells, where AvrRpm1 induces phosphorylation of the RIN4 protein. The plant RPM1 R-protein functions as the guard. It does not directly interact with AvrRpm1, but rather recognizes RIN4 phosphorylation as a sign of P. syringae attack and stimulates the hypersensitive response (Mackey et al., 2002) . Second, mounting evidence points to cross-talk and shared signalling between R-mediated and basal defences. For example, several studies highlight the ability of pathogens to try to subvert basal defence mechanisms (Jakobek et al., 1993; Hauck et al., 2003; Keshavarzi et al., 2004) and some R proteins may recognize and fight back against this tactic (e.g. M.G. . For basal, R-mediated and systemic defence mechanisms, there is a growing recognition that UPS-mediated events may be important factors both in plant defence and in pathogen virulence programmes (reviewed in Zeng et al., 2006) .
Convergence of hormone signalling, plant defence, and the UPS As previously mentioned, both the ethylene and the jasmonic acid signalling pathways contribute to plant defence. As highlighted above, the UPS appears to be required for various steps in these signal transduction cascades that impact plant defence signalling. For example, ethylene synthesis increases in response to several types of biotic challenges [e.g. bacteria, fungi (reviewed in Broekaert et al., 2006) , and insects (Kahl et al., 2000) ]. It is interesting to note that ethylene does not always improve disease resistance and actually seems to be correlated with enhanced disease progression in many circumstances (reviewed in Broekaert et al., 2006; van Loon et al., 2006) , but in either case, the level of ethylene produced can affect plant susceptibility, and ethylene biosynthesis is subject to UPS-mediated regulation.
Furthermore, ethylene affects the transcription of numerous defence-related genes. For instance, in arabidopsis, ethylene up-regulates many genes encoding cell-wall-modifying enzymes or protein components, oxidative burst regulators, and PR proteins such as b-1, 3-glucanase and osmotin (Zhong and Burns, 2003) . All known ethylene signalling to date has been shown to proceed through the EIN3 family of transcription factors (van Loon et al., 2006) and as these are substrates of the UPS, proteolytic regulation must affect transcription of these defence-related genes. Interestingly, many of these genes, especially those in the PR class, are also regulated by JA (reviewed in van Loon et al., 2006) as both JA and ethylene can modulate the transcription of ERF/AP2 transcription factors that function downstream of the EIN3 family (reviewed in Guo and Ecker, 2004) . Initial identification of this co-ordinated regulation of ERF1 in arabidopsis demonstrated that over-expression of ERF1 could restore defence responses in a coi1 (F-box protein) mutant, indicating that perturbation of UPS function in the JA signalling pathway could also compromise defence gene expression (Lorenzo et al., 2003) . The observation that plants with reduced signalosome levels ( fus6/csn1-11) lose JA-stimulated induction of PR genes such as PDF1.2 further substantiates the link between JA, the UPS and defence-related gene expression .
In tomato, additional evidence of the requirements for COI1 in defence against herbivores arose from the identification of the jai1/coi1 mutant. Methyl jasmonate (MeJA) is no longer able to induce expression of the anti-herbivory serine proteinase inhibitor (PI-II) in jai1/coi1 plants, but gene induction is restored by introduction of a 35S:SlCOI1 transgene. Glandular trichome development and monoterpene production are also compromised in the jai1/coi1 mutants and most likely contribute to the severely reduced resistance to spider mites. Fecundity of female spider mites, elevated on jai1/coi1 leaves, is also restored to wild-type levels in 35S:COI1-complemented mutants (L. .
General UPS components in plant defence
Clues as to the importance of targeted protein degradation in defence mechanisms can be gleaned from an analysis of general UPS components that display altered expression levels in response to biotic stresses prompted both by non-host and by host-specific pathogens. However, thorough explanations of underlying
Dreher and Callis -Ubiquitin, Hormones and Biotic Stress in Plantsmechanisms and causal relationships are lacking. At a very gross level, the finding that tomato mosaic virus (ToMV), tobacco mosaic virus (TMV), wounding, ACC (ethylene precursor), JA and SA all up-regulate two ubiquitin-activating enzymes (NtUBA1 and NtUBA2) in tobacco suggests that plants increase their ubiquitylation capacity when faced with an attack (Takizawa et al., 2005) . Up-regulation of additional general components of the UPS has been observed in other plant/pathogen interactions. For instance, sunflower (Helianthus annuum) hypocotyls accumulate higher levels of ubiquitin transcripts following challenge with an incompatible (avirulent) strain of powdery mildew, but not with a compatible strain (Mazeyrat et al., 1999) . A glucan fungal elicitor from Phytophthora megasperma also causes up-regulation of ubiquitin transcripts in soybean cells (Levine et al., 1994) . A ubiquitin-conjugating enzyme OsUBC5b (but not its homologue OsUBC5a) also shows elevated levels of transcripts following treatment of rice cells with the fungal elicitor N-acetylchitoheptaose (Takai et al., 2002) . Transcript levels for two UBCs are also up-regulated in Nicotiana attenuata during herbivorous attack by the insect Manduca sexta (Hui et al., 2003) . And, at the proteolytic end of the UPS pathway, three specific 20S proteasome subunits are transcriptionally induced by the proteinaceous fungal elicitor cryptogein in tobacco (Dahan et al., 2001) . Although changes in levels of ubiquitin, E2 enzymes and proteasome subunits might be predicted to have broad effects on a plant cell's level of ubiquitinmediated proteolysis, scientists seek to identify how these changes affect specific host-pathogen interactions.
Specific E3 ligase components in plant defence
Efforts to find pathogen-responsive genes have uncovered several E3 ligases with mRNA levels affected by a number of different general elicitors and avirulence factors (reviewed in Zeng et al., 2006) and genes encoding UPS components have surfaced in screens for mutants with aberrant pathogenesis-related phenotypes. Both lines of research support a role for the UPS in the convergence of both basal and specific defence strategies, as well as systemic responses.
CRL components. NPR1 emerged from a screen for mutants lacking SA-responsive induction of a PR reporter gene (Cao et al., 1994) . The initial npr1 mutant failed to achieve SAR following treatment with SA, or an analogue, INA (2,6-dichloroisonicotinic acid), and remained highly susceptible to P. syringae pv. maculicola. This npr1 mutant could still mount an HR following treatment with an avirulent strain of P. syringae but showed defects in avirulent pathogen-mediated induction of SAR as well (Cao et al., 1994) . Additional alleles of npr1/nim1/sai1, as well as further molecular and physiological experiments using NPR1/NIM1/SAI1, demonstrate the crucial role played by this protein in SAR, ISR and other defence pathways (reviewed in Dong, 2004) . The NPR1 protein contains ankyrin repeats, implicated in protein -protein interactions (reviewed in Michaely and Bennett, 1992) , as well as a BTB/POZ domain (Aravind and Koonin, 1999) , implying that it could potentially interact with a CUL3-based CRL as well as other proteins, such as substrates for ubiquitylation, simultaneously. Yeast-twohybrid assays do not point to strong binding between NPR1 and CUL3a or CUL3b , but some NPR1 interactions observed in planta cannot be recapitulated through this experimental technique (Despres et al., 2003) . Several studies focusing on NPR1's effect on pathogen-responsive transcription suggest that in response to SA, and redox-mediated conformational changes, NPR1 moves into the nucleus to interact with TGA transcription factors to turn on PR genes (reviewed in Dong, 2004 ). An analysis of several TGA transcription factors indicates that they undergo differential, proteasome-dependent proteolysis (Pontier et al., 2002) . There is some precedent for ubiquitin-mediated activation, followed by degradation of transcription factors in other systems (Salghetti et al., 2001) , and it will be interesting to determine if NPR1 participates in a similar process or affects SAR and plant defence in any other UPS-dependent manner, for example by degrading repressors of SAR induction.
SAR-related investigations have also identified the SON1 F-box protein through a mutant screen for suppressors of nim1/npr1-related susceptibility in arabidopsis (Kim and Delaney, 2002) . SON1 is hypothesized to act as a negative regulator of plant defence responses, because son1 nim1-1 mutants are less susceptible to inoculation with the Peronospora parasitica oomycete (downy mildew) or P. syringae than nim1-1 alone, and because susceptibility, as measured by downy mildew sporulation, can be restored by constitutive expression of SON1. Interestingly, the increased resistance conferred by mutation of son1 in an npr1/nim1-1 background is not achieved through restoration of PR protein induction, nor does it depend on salicylic acid. And it also does not result from up-regulation of the JA-responsive defensin gene, PDF1.2. However, son1 mutants express constitutively several PR transcripts in the presence of the wildtype NPR1/NIM1 protein. This gives rise to the hypothesis that the SON1 F-box protein normally suppresses NPR/NIM1-mediated induction of PR genes in the absence of an elicitor, but that it may also take part in some sort of SA-independent plant defence response (Kim and Delaney, 2002) . SON1 transcript levels do not appear to change in response to pathogenic attack nor after treatment with a salicylic acid analogue, but it is possible that post-translational modifications to SON1 or its substrates reduce SON1's activity following a biotic challenge, thereby enabling the plant to mount a successful defence (Kim and Delaney, 2002) .
In an effort to understand R-mediated/gene-for-gene resistance pathways better, up-regulated mRNA sequences were identified in tobacco cells carrying the Cf9 resistance (R) gene after inoculation with the Avr9 elicitor of the biotrophic fungus Cladosporum fulvum. cDNA clones for several of these ACRE (Avr/Cf9 Rapidly Elicited) genes were used for further analysis (Durrant et al., 2000) . ACRE189 encodes an F-box protein, providing evidence that SCF COI1 and SCF EBF1/EBF2 may not be the only the SCF complexes involved in pathogen defence (Rowland et al., 2005) . Viral-induced gene silencing of ACRE189 diminishes the ability of tobacco leaves to generate a Cf4-and a Cf 9-mediated hypersensitive response. These data suggest that SCF ACRE189 may act downstream of at least two different R proteins during incompatible interactions (Rowland et al., 2005) .
Additional components of multiple CRLs, or factors that modulate CRL activity, have surfaced as contributors to plant defence. Increased transcription of SKP1 and SGT1, two potential components of many SCF-type E3 ligases (see above), occurs in pepper (Capsicum annuum 'Bukang') following inoculation with an incompatible strain of Xanthomonas bacteria . In fact, sgt1b mutants were found based on their compromised disease resistance Tor et al., 2002) . Arabidopsis plants with two different mutations in axr1, which functions to activate many SCFs and perhaps all CRLs in vivo (see above), show reduced resistance to the opportunistic fungus Pythium irregulare (Tiryaki and Staswick, 2002) . All these data together reinforce the model that CRLs contribute to plant defence.
Interestingly, the F-box proteins that function in auxin signalling are also subject to transcriptional regulation during pathogen attack via induction of a microRNA (Navarro et al., 2006) . The P. syringae general flagellin elicitor induces accumulation of the miR393a transcript in arabidopsis. This microRNA then promotes cleavage of TIR1, AFB2 and AFB3 transcripts, causing reduced levels of these F-box proteins. An AXR3NT:GUS reporter protein is stabilized under these conditions, and the accumulation of Aux/IAA repressors following flg22 inoculation presumably contributes to the reduced induction of several auxin-responsive genes. This inhibition of auxin signalling appears to enhance resistance to virulent pathogens as overexpression of AFB1:Myc, which should not be cleaved by the microRNA, can increase susceptibility of arabidopsis plants to a virulent strain of P. syringae. But the auxin response probably does not impact R-mediated signalling, as overexpression of AFB1:Myc does not influence interactions with an avirulent strain of P. syringae carrying the AvrRpt2 gene. These studies reveal that bacterially induced suppression of TIR1/AFB-mediated degradation and auxin signalling increases plant resistance to virulent P. syringae by modulating the abundance of specific host UPS components (Navarro et al., 2006) .
Disruptions in the auxin signalling pathway also appear to affect arabidopsis resistance to TMV infection (Padmanabhan et al., 2005 (Padmanabhan et al., , 2006 . IAA26 and IAA27, but not several other Aux/IAA family members, interact with the TMV replicase protein in yeast-two-hybrid assays (Padmanabhan et al., 2006) , and this interaction was confirmed in vitro for IAA26 (Padmanabhan et al., 2005) . Wild-type TMV can induce symptoms on arabidopsis, ecotype Shahdara, but the severity of specific phenotypes is reduced when the plants are inoculated with a mutant version of TMV (TMV-V1087I). This has a mutant replicase that spreads and accumulates normally within arabidopsis but shows diminished interaction with IAA26 in yeast-two-hybrid assays, suggesting that binding of the replicase to IAA26 is important for symptom development (Padmanabhan et al., 2005) . Interestingly, co-transfection of IAA26:GFP and wild-type TMV results in a reduced percentage of cells with visible levels of fluorescence, suggesting that TMV could potentially destabilize IAA26 (Padmanabhan et al., 2005) and thus stimulate auxin signalling. In fact, a microarray analysis of TMV-infected plants shows that approx. 30 % of the transcriptionally altered genes lie downstream of auxin response elements (Golem and Culver, 2003; Padmanabhan et al., 2005) . However, there is additional evidence that interactions with the replicase prompt fluorescently tagged forms of IAA26 and IAA27 to relocalize from the nucleus to the cytoplasm (Golem and Culver, 2003; Padmanabhan et al., 2005 Padmanabhan et al., , 2006 . This could also compromise their ability to perform their normal transcriptional regulatory roles in the nucleus, and could reduce the visibility of GFP-and DsRed-tagged versions of the proteins as they diffuse in the cytoplasm. So although there is evidence that TMV promotes movements of IAA26 and IAA27 within the cell, the question of whether TMV also induces their degradation during the infection process remains open. If this is the case, additional work will be required to ascertain if the well-characterized SCF TIR1/AFBx complex or other E3 ubiquitin ligases contribute to this proteolytic process.
Non-CRL RING proteins. Although many RING domaincontaining proteins exist in plants, only a small subset has been shown to be transcriptionally up-regulated by biotic stress to date. Nevertheless, initial functional characterization of some of these putative E3 ligases suggests that they do play an important role in plant defence (reviewed in Zeng et al., 2006) . For example, levels of ATL2 and ATL6 mRNAs rapidly rise in arabidopsis in response to chitin, a basal defence elicitor associated with fungal cell walls and insect exoskeletons. These genes encode two related RING E3 ligases (Salinas-Mondragon et al., 1999) . The BRH1 RING protein, as mentioned above, also shows increased transcription following treatment with a chitin elicitor (Molnar et al., 2002) . In a separate study, two forms of chitin spur mRNA accumulation of the arabidopsis At2g35000 gene (Ramonell et al., 2005) , which encodes a RING domain-containing protein active in in vitro E3 ligase assays . Subsequent powdery mildew inoculation causes increased disease symptoms in three independent lines with a T-DNA insertion in At2g35000, demonstrating the importance of this gene in plant immune responses (Ramonell et al., 2005) . The rice EL5 (elicitor-induced) RING E3 ligase is up-regulated by a different fungal elicitor. Functional analysis of this protein indicates that it possesses ubiquitylation activity in vitro when coupled with the OsUBC5a or OsUBC5b E2 conjugating enzymes. Interestingly, as described above, the latter E2 is up-regulated by the same elicitor, suggesting that these might function in the same specific response pathway, but their substrate is not known (Takai et al., 2002) . The general bacterial flagellin peptide elicitor (flg22), known to stimulate basal defence responses , prompts greater than a 2 . 5-fold change in the levels of over 250 transcripts (out of a population of 8200 examined) in arabidopsis cell cultures and seedlings. Among those, ten RING finger putative E3 ligases are up-regulated, including RHA3b, RHA1b, RMA1 and ATL6 (Navarro et al., 2004) .
RING domain-containing proteins have also surfaced in screens for gene-for-gene resistance-initiated transcriptional responses. For instance, the screen for Avr9-responsive transcripts that uncovered the F-box protein ACRE189 also identified the RING E3 ligase ACRE132. This protein is most closely related to the ATL2 protein of arabidopsis, implying functional conservation in fungal response pathways (Durrant et al., 2000) .
Curiously, one protein with potential RING-and/or SCF-related function appears to affect plant resistance. Studies have also shown that SIP (Siah-Interacting Protein) from arabidopsis is transcriptionally induced by inoculation with P. syringae, as well as after wounding and hydrogen peroxide application . SIP appears to play a positive, though relatively minor, role in plant defence given that sip mutants show slightly increased susceptibility to this pathogen, whereas SIP overexpressers are somewhat more resistant to P. syringae. SIP is 21 % identical to SGT1b, but it is also 32 % identical to the human SIP protein. Human SIP functions in an atypical E3 ligase (Matsuzawa and Reed, 2001) . It can bind to human Skp1, but it can also bind to the Siah-1 and Siah-2 RING-based E3 ligases (similar to SINAT5 in arabidopsis). In humans, beta-catenin can be degraded when it binds to the Ebi F-box protein. Ebi1 binds to Skp1, but then, rather than connecting to CUL1, links to the Siah E3 ubiquitin ligases through SIP. AtSIP does not interact with SINAT5 in yeast-two-hybrid assays, but no tests have yet been done to ascertain if it interacts with any of the four other arabidopsis SINAT family members or the ASK proteins . Therefore, the proteolytic function of arabidopsis SIP remains obscure, but its noted impact on plant defence leaves it well-poised to link further the UPS to plant resistance pathways.
U-box proteins. Recent results also reveal a prominent role for ARM-repeat-containing U-box E3 ligases in plant defence. In arabidopsis, 41 proteins contain these two domains (Mudgil et al., 2004) including PHOR1, implicated in GA signalling (see above). In these proteins, the U-box functions as the E2 interaction domain and the ARM repeat protein -protein interaction domain might contribute directly or indirectly to substrate recognition.
At least two U-box/ARM repeat E3 ligases were pulled out of the screen for ACRE genes (Durrant et al., 2000) . ACRE276, found in tobacco and tomato, appears to be required for Cf4-and Cf9-stimulated hypersensitive response because after virus-induced gene silencing of ACRE276, tomatoes have increased susceptibility to C. fulvum leaf mould . Loss of this protein also compromises the plants' ability to generate the N-mediated hypersensitive response following treatment with the p50 elicitor of TMV. In this gene-for-gene interaction, the N TIR-NBS-LRR protein acts as a resistance factor against the Avr-like p50 elicitor from TMV. A GST:ACRE276 U-box protein does possess E3 ligase activity in vitro, as does a close homologue from arabidopsis, PUB17, and this activity seems to be required for the hypersensitive response based on experiments performed with mutant versions of the PUB17 protein expressed in tobacco .
Several other U-box/ARM-repeat-containing proteins are induced by elicitors in other plants and appear to participate in the plant defence response in both basal and R-mediated pathways. SPOTTED LEAF11 (Spl11) is induced in both a susceptible and a resistant cultivar of rice following inoculation with rice blight and may function in basal defence. It encodes a functional E3 ligase based on in vitro assays. As the plants with mutated spl11 exhibit a lesion mimic phenotype, it is hypothesized that SPL11 normally degrades a positive regulator of the hypersensitive response and programmed cell death (Zeng et al., 2004) (Fig. 2B) .
In parsley (Petroselinum crispum) the Pep25 fungal peptide elicitor leads to rapid rises in the levels of the PcCMPG1/ELI17 (Cys-Met-Pro-Gly1/Elicitor-activated gene) transcript, which encodes a U-box/ARM protein.
And when elements from the PcCMPG1 promoter are placed upstream of GUS and transformed into arabidopsis plants, GUS expression is increased at the site of infection when plants are inoculated using both fungal and bacterial general (flg22) and specific elicitors. Wounding alone, however, is insufficient to prompt GUS expression (Kirsch et al., 2001) . Two arabidopsis homologues of this protein, AtCMPG1/PUB20 and AtCMPG2, display similarly rapid transcriptional induction by a fungal pathogen elicitor and by P. syringae (Heise et al., 2002) . Further analysis of two homologues of PcCMPG1 from tobacco (NtCMPG1/ ACRE74) and tomato (SlCMPG1) affirmed that these U-box/ARM proteins are transcriptionally up-regulated in response to a pathogen, and that NtCMPG1 possesses E3 ubiquitin ligase activity in vitro. However, unlike SPL11, the CMPG1 protein appears to function as a positive regulator of the hypersensitive response, as tomato and tobacco plants with reduced levels of CMPG1 display reduced hypersensitive responses following treatment with several elicitors . Two additional U-box/ARM putative E3 ligases in arabidopsis, PUB12 and PUB5, are also induced by the flagellin (flg22) elicitor (Navarro et al., 2004) .
Overall, these studies suggest that plants increase their transcription of numerous E3 components when challenged by pathogens, and highlight that among all of the various kinds of ubiquitin ligases, U-box/ARM E3 ligases are over-represented in screens for pathogen-responsive transcripts relative to their total number. In addition, these experiments support the idea that multiple pathogen perception systems converge on common downstream UPS elements, since, in many cases, both general elicitors and Avr-type specific elicitors up-regulate the same genes. For instance, a formal analysis identified homologues of the tomato Avr9-responsive (ACRE) genes in arabidopsis, and then determined that many of the homologues, such as PUB17, are also up-regulated in response to the general flagellin bacterial elicitor of basal defences (Navarro et al., 2004) .
Potential substrates of the UPS involved in plant defence
There is ample evidence of E3 ligases responding to pathogen attack and contributing to plant defence, but what are their biological substrates that need to be degraded as part of the signalling process during plant/ pathogen interactions? There are a few documented cases of plant defence proteins undergoing regulated proteolysis during pathogenic interactions. RPM1 specifically helps plants to defend themselves against P. syringae harbouring the avrRpm1 and avrB genes (Grant et al., 1995) . This membrane-associated protein is one of a large class of R proteins that share predicted nucleotide binding sites (NBSs) and leucine-rich-repeats (LRRs). Rapid degradation of RPM1 coincident with the onset of the HR provided one of the first clues that proteolysis contributes to R-mediated gene-for-gene defence (Boyes et al., 1998) . Loss of RPM1:Myc from leaf extracts only occurs in arabidopsis plants inoculated with P. syringae carrying the avrRpm1, avrB, avrRps4 or avrRpt2 genes, but not with comparable virulent strains. Importantly, several marker proteins do not show similarly rapid disappearance following bacterial inoculation, indicating that universal acceleration of protein degradation cannot explain RPM1 loss. The mode of RPM1 degradation remains unclear but the authors speculate that degradation of this specific R-protein in response to several different Avr proteins represents a general mechanism for limiting the spread of the HR (Boyes et al., 1998) .
Recently, two proteins, RIN2 and RIN3, each with a RING domain and a ubiquitin binding domain called CUE were shown to interact with RPM1 (Kawasaki et al., 2005) . GST-RIN2 and RIN3 fusion proteins possess E3 ubiquitin ligase activity in vitro. Analysis of the rin2 rin3 double mutant indicates that these two proteins contribute to pathogen-elicited RPM1-dependent ion leakage. It would be tempting to speculate that these enzymes catalyse RPM1 ubiquitylation and degradation coincident with the HR. But neither GST-tagged RIN2 nor RIN3 can ubiquitylate RPM1 in vitro, and there is no difference in pathogen-stimulated RPM1 disappearance in wild-type versus rin2 rin3 plants. RIN2 and RIN3 may require other proteins for in vitro activity and act redundantly in vivo with yet to be characterized E3s. Alternatively, they may act on a protein or proteins downstream in the signalling pathway (Kawasaki et al., 2005) .
There is evidence for three additional proteins affecting RPM1 accumulation. rar1/pbs2/lra1 mutants were pulled out of multiple pathogenesis-related screens in barley and arabidopsis (Freialdenhoven et al., 1994; Shirasu et al., 1999; Warren et al., 1999; Tornero et al., 2002) . By an unknown mechanism, RAR1 contributes to the accumulation of a subset of R proteins, including RPM1, as RPM1:Myc levels drop drastically in an rar1 mutant background (Tornero et al., 2002) . Subsequent analysis revealed that RAR1 is required for defence responses downstream of several different R genes , and not surprisingly has been shown to affect the stability of a number of R proteins including RPS5:HA in arabidopsis , MLA6:HA and MLA1:HA in barley, and Rx:HA from potato expressed in tobacco (Bieri et al., 2004) .
Heat shock protein 90 (HSP90), a chaperonin required for several R-mediated defence pathways, also contributes to R-protein accumulation. For instance, viral-induced gene silencing of HSP90 in Nicotiana benthamiana reduces the levels of an Rx:HA fusion protein (Lu et al., 2003) and an hsp90.2 mutant possesses reduced levels of RPM1:Myc (Hubert et al., 2003) . Intriguingly, in other organisms, HSP90 can contribute to both protein complex assembly and to ubiquitin-mediated degradation via the CHIP U-box E3 ubiquitin ligase (reviewed in Hohfeld et al., 2001) .
Finally, the SGT1b protein can bind to both RAR1 and HSP90 (Azevedo et al., 2002; Takahashi et al., 2003) and SGT1b and SGT1a from arabidopsis and other plants function in several R-mediated pathways Tor et al., 2002; Leister et al., 2005; Azevedo et al., 2006) . As previously mentioned, SGT1b can associate with SCF E3 ligases (Azevedo et al., 2002; Gray et al., 2003) , and it appears to promote SCF-mediated degradation of E3 ligase substrates in budding yeast (Kitagawa et al., 1999) and in arabidopsis (Gray et al., 2003) , potentially implicating an SCF in multiple R-gene-dependent pathways, but it remains unclear whether SGT1b enhances or suppresses substrate degradation in plant defence pathways. For instance, SGT1b appears to oppose RPS5:HA accumulation in arabidopsis plants whereas a reduction in SGT1 in N. benthamiana causes Rx:HA levels to fall precipitously (Azevedo et al., 2006) . Plants have a vested interest in tightly controlling the abundance of each R protein as there is evidence of dose-dependent resistance (Bieri et al., 2004) and increasing RPS5:HA levels correspond with increased speed of HR onset . The UPS could certainly contribute to this important process, but further exploration of this potential connection is warranted. On the one hand, treatment with proteasome inhibitors does not affect RPS5:HA stability in two different assays and most experiments focus on total R protein accumulation without determining whether the actual rate of R protein degradation changes in response to pathogen attack or altered RAR1, HSP90 or SGT1 levels. But, on the other hand, both HSP90 and SGT1 provide tantalizing links to the UPS. And evidence that N-mediated gene-for-gene defence against TMV is compromised by suppression of SKP1, SGT1 or COP9 signalosome components (Y. gives additional impetus to a thorough investigation of the role of cullin-based E3 ligases in R-protein stability and signalling.
Another protein that associates with the RPM1 and RPS2 R proteins, RIN4, can also undergo regulated degradation during pathogen attack (M.G. and there is better experimental support for the involvement of the UPS in this process. The AvrRpt2 protein of the bacterial P. syringae pathogen functions as a cysteine protease capable of cleaving two distinct sites within membranebound RIN4 protein. One cleavage near the C-terminus leaves a small C-terminal anchor embedded in the plasma membrane, but releases the remainder of the RIN4 protein.
As the N-terminal portion of the protein can only be observed in soluble fractions treated with proteasome inhibitors, it appears that the RIN4 released from the membrane is rapidly degraded in an uncharacterized proteasome-dependent manner (H.S. . AvrRpt2-mediated cleavage at the second recognition site in RIN4 unmasks a tertiary destabilizing residue (asparagine) that can potentially be recognized by a specific UPS pathway called the N-end rule. Ubiquitylation via N-end rule (reviewed in Varshavsky, 2003) depends on the nature of the N-terminal residue, and certain amino acids at this position can be recognized directly by an E3 ligase ( primary residues), recognized after addition of an arginyl group [secondary residues (aspartate and glutamate)] or recognized after removal of an amino group followed by addition of an arginyl group [tertiary residues (asparagine and glutamine)]. Presumably, presence of asparagine at the N-terminus of cleaved RIN4 leads to modification of the residue, recognition by an N-end rule E3 ligase, ubiquitylation and degradation of the RIN4 protein, given that replacing the asparagine with a residue not recognized by the N-end pathway (glycine) stabilizes an N-terminal RIN4-30 N(N11G):GFP reporter protein. Several RIN4-like proteins possess similar AvrRpt2 cleavage sites, suggesting this mechanism may not be restricted to RIN4 (Takemoto and Jones, 2005) .
Degradation of the RIN4 protein has varying consequences for disease resistance depending on the suite of Avr and R proteins expressed by P. syringae and arabidopsis, respectively. RIN4 is required for defence against bacteria harbouring the AvrRpm1 or AvrB avirulence factors (Mackey et al., 2002) . Thus, AvrRpt2-mediated loss of RIN4 blocks this defence mechanism. However, the RPS2 R protein 'guards' against pathogen-mediated loss of RIN4, so arabidopsis plants expressing RPS2 initiate an HR following RIN4 degradation (Axtell and Staskawicz, 2003; Mackey et al., 2003) . RIN4 also plays a role in regulating basal defences so perturbations of RIN4 levels can potentially influence these basal reactions to a broad range of pathogens (M.G. .
Although very few examples of ubiquitylated host proteins have been implicated in plant defence pathways to date, a number of experiments suggest that viral proteins may be substrates of the host UPS. A general linkage between ubiquitin and viral/host interactions was revealed in tobacco plants expressing a mutant variant of ubiquitin with lysine48 changed to arginine that exhibit spontaneous lesion development (Bachmair et al., 1990) and display several alterations in TMV susceptibility and symptom progression (Becker et al., 1993) . Analysis of several plant virus particles demonstrates the existence of ubiquitinconjugated proteins (Hazelwood and Zaitlin, 1990) , although the length of the ubiquitin chains and their functional importance has not been determined. Treatment of virally infected tissue with proteasome inhibitors leads to the accumulation and stabilization of high-molecular-weight forms of the TMV movement protein, suggesting that this protein is normally subject to UPS-mediated degradation, as part of either the pathogenesis or the defence process (Reichel and Beachy, 2000) . Furthermore, a 66-kDa protein from the Turnip Yellow Mosaic Virus (TYMV), believed to function as an RNAdependent RNA polymerase (RdRp), can be phosphorylated at several serine and threonine residues within its PEST domain when expressed in insect cells (Hericourt et al., 2000) . PEST domains appear to act as phosphosensitive destabilization motifs ('degrons') in several eukaryotic substrates of the UPS (reviewed in Rechsteiner and Rogers, 1996) , and further characterization of the 66-kDa RdRp protein indicates that it undergoes ubiquitylation in an insect expression system (Hericourt et al., 2000) . It is possible that this RdRp is ubiquitylated in its natural plant hosts, but RdRp does not appear to be remarkably unstable when expressed in a proteolytically active rabbit reticulocyte system (Drugeon and Jupin, 2002) . This could reflect a lack of proper modifying enzymes, or indicate that the protein is naturally degraded at a modest rate. However, under the same conditions, the 69-kDa movement protein of TYMV is degraded quite rapidly in an ATP-and proteasome-dependent manner. Furthermore, substantial evidence points to the accumulation of ubiquitylated forms of the 69-kDa movement protein in proteolytically compromised rabbit reticulocyte lysates (Drugeon and Jupin, 2002) . To date, there is no conclusive evidence of whether these proteins are ubiquitylated in their hosts and, if so, what effect this has on TYMV pathogenicity.
In future characterizations of plant defence and the UPS, it will be interesting to see if there are any relationships between the set of UPS components shown to be induced by, or required for, plant responses to pathogens (e.g. the ARM/U-box E3 ligases) and the R-related proteins that are degraded in response to specific biotic challenges, or the viral proteins that may be ubiquitylated in plant cells, and to learn how all of these factors allow plants to mount integrated responses to an array of viral, bacterial, fungal and herbivore attacks.
Pathogenic usurpation of the host UPS
Given the demonstrated importance of the UPS for biotic defence and general plant growth and development, it makes sense that several plant pathogens hijack or interfere with components of the UPS to promote their own survival. For instance, the Polerovirus P0 protein possesses a minimal F-box motif that enables it to bind to the host ASK1/SKP1 and ASK2 proteins. This interaction allows the virus to suppress the plant's ability to defend itself via post-transcriptional silencing of viral RNAs presumably by promoting degradation of a component of the plant's RNA silencing machinery (Pazhouhandeh et al., 2006) . The faba bean necrotic yellows virus (FBNYV) encodes a small protein, Clink, that can bind both to SKP1 and to the cell cycle protein pRB in vitro, in yeast and in planta (Aronson et al., 2000 (Aronson et al., , 2002 . Although mutations in the F-box portion of Clink do not interfere with replication of the FBNYV DNA, it is possible that Clink/SKP-mediated ubiquitylation of host or viral proteins could influence other aspects of FBNYV pathogenesis (Aronson et al., 2000) . In addition, it was recently shown that Clink is not required for the induction of viral symptoms on Vicia faba (faba bean) plants in controlled experiments, but there does seem to be selective pressure to maintain this gene in the FBNYV genome given that the viral DNA from 98 % of the symptomatic plants tested retain the Clink gene. In addition, the authors postulate that Clink might be required for FBNYV infection of the wild relatives of the cultivated faba bean (TimchenKo et al., 2006) where its SKP-binding capabilities could possibly connect it to targeted protein degradation.
Another plant virus, Lettuce Mosaic Virus (LMV), influences the behaviour of the 20S proteasome (Ballut et al., 2005) . Viral inoculation results in the formation of larger proteasome-containing complexes, as assayed by gel filtration. The viral protein HcPro can associate with purified 20S proteasomes and might be part of these proteasomal aggregates. Functionally, HcPro appears to have a slight stimulatory effect on the chymotrypsin-and trypsinlike enzymatic activities of the 20S proteasome in in vitro assays. Intriguingly, proteasomes purified from sunflower also possess endonuclease activity capable of cleaving TMV and LMV RNA (Ballut et al., 2003) , and preincubation of purified 20S proteasomes with HcPro significantly inhibits degradation of a TMV RNA substrate. This points to a possible role for HcPro in ubiquitin-dependent and ubiquitin-independent proteasome-mediated processes in host/LMV interactions (Ballut et al., 2005) .
In the realm of bacterial pathogens, the AvrPtoB protein of P. syringae (which does not have an endogenous UPS) is a ubiquitin ligase that can presumably work downstream of a host E1 and E2 enzyme to promote ubiquitylation of itself and/or unidentified host substrates. The level of E3 ligase activity exhibited by wild-type and mutant forms of AvrPtoB appears correlated with AvrPtoB's ability to suppress HR-based programmed cell death in susceptible tomato plants and N. benthamiana Janjusevic et al., 2006) . Meanwhile, Agrobacterium tumefaciens introduces an F-box protein (VirF) into host cells and utilizes host components to form a functional SCF complex required for degradation of VirE2 and host VIP1 as these proteins must be eliminated to allow integration of the Agrobacterium's T-DNA into the host genome (Tzfira et al., 2004) .
Nematodes may also co-opt components of the host UPS for their own advantage, as evidenced by the production of cDNAs for hexaubiquitin, a novel ubiquitin extension protein, a RING-H2 protein and an SKP1-like protein specifically within the dorsal esophageal gland cells of the nematode Heterodera glycines. These proteins bear a signal peptide to direct them for secretion into the host (Gao et al., 2003) . An analysis of the secretion profile of the parasitic cyst nematode Heterodera schachtii led to the discovery of another member of the new class of ubiquitin extension proteins that is loaded into the host by the nematode (Tytgat et al., 2004) . Plant-produced ubiquitin hydrolases most likely act on this protein to cleave ubiquitin and release the C-terminal portion to perform some sort of function that enhances nematode feeding.
In conclusion, pathogenic and symbiotic interactions of plants with their biosphere involve UPS components and often result in the promotion or inhibition of selective proteolysis. Similarly, as a plant reacts to alterations in its abiotic environment or focuses inward to respond to internal signals, the UPS plays a central role. Undoubtedly, future research will reveal the functions of the other UPS components that are currently only described by in silico predictions. Salicylic 
